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  In the mountain west the timing of the spring snowmelt pulse has considerable impact 
on water resources and ecological processes such as fire.  A forward shift of this timing 
due to warming climate has received considerable attention.  The internal structure and 
physical processes of the mountain snowpack also have a large influence on the timing of 
spring runoff.  Here we investigate controlling factors in the timing of the spring melt 
pulse in a large-scale northern Rockies watershed.  We employ a snowmelt model to 
investigate historical records of the initiation of spring snowmelt runoff.  Two watersheds 
were selected as test sites:  (1) St. Mary – a small (81 km2) basin east of the continental 
divide and (2) Middle Fork Flathead River – a large (2903 km2) basin west of the divide.  
Moderate Resolution Imaging Spectroradiometer (MODIS) 8-day snow-cover products, 
Snowpack Telemetry (SNOTEL), climate, and streamflow data were collected for the 
study area for years 2000-2005.  We performed a detailed accuracy assessment of the 
snow-cover product in the mountainous terrain and poor weather conditions of the 
northern Rockies.  The assessment utilized 6 SNOTEL sites and over 1000 ground based 
measurements spanning the 6 year period.  The MODIS products were then used to 
determine snow covered area within the test basins at 8 day time steps throughout the six 
winter seasons.  Snow-cover and climate data were input to the spatially distributed 
snowmelt model to determine the component of runoff derived from snow.  The time 
series of modeled snowmelt was compared to basin runoff records to elucidate the 
processes governing the initial signal of spring snowmelt in river discharge. 
 ii
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CHAPTER 1: INTRODUCTION 
1.1. Mountain Watershed Hydrology 
 In the western United States, the seasonal snowpack dominates runoff from 
mountain watersheds.  Effects from natural perturbations (e.g. drought and wildfires), 
human use (e.g. suburbanization and transportation), and climate change have the 
potential to modify these watersheds.  It is predicted that land use and global warming 
will substantially affect watersheds dominated by snowmelt.  Since the majority of the 
west depends on mountain watersheds for water resources (Denniston, 1995), it is 
essential to comprehend the effects of human use and climate change on snow and, thus, 
the hydrological cycle of these watersheds.  However, over large spatial and temporal 
scales measuring, interpolating, and extrapolating snow data is problematic.   
 Primarily, snow-cover is highly variable due to topography, vegetation, and 
microclimates found in mountain watersheds.  There is a lack of spatially and temporally 
integrated snow observations due to adverse environmental settings (CUAHSI, 2005).  
Methods for up-scaling snow point measurements to the watershed scale are inadequate.  
Additionally, understanding small-scale (e.g. soil moisture) processes and their 
interaction with large-scale processes is vital to comprehending the hydrological system 
of large watersheds. 
 The objective of this study is to investigate the controlling factors in the timing 
and magnitude of snowmelt.  The first goal of this study is to test and develop new 
methods for modeling snowmelt using remote sensing, temperature, and precipitation 
data as input parameters.  Reproduction of runoff curves for a particular point in the basin 
will not be attempted.  Rather the focus is on snow water volume.  The new model 
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employs a temperature-index approach and provides seamless integration of raw MODIS 
snow-cover products and model output.  Remote sensing data was provided by Moderate 
Resolution Imaging Spectroradiometer (MODIS) 8-day snow-cover products (Figure 
1.1); whereas Snowpack Telemetry (SNOTEL) Network provided temperature and 
precipitation data.  The use of MODIS snow-cover products introduces additional 
questions.  For instance, do MODIS snow-cover products accurately map snow in 
northwestern Montana?  Is the spatial resolution (~500 m) too coarse to correctly map 
snow?   
 The second goal of this study is to improve our understanding of the role of 
snowmelt in discharge from the snowmelt-dominated landscapes of northwestern 
Montana.  A typical annual runoff curve for the Middle Fork Flathead Basin is shown in 
Figure 1.2.  Current state of knowledge leaves many fundamental questions about this 
curve unanswered.  For example, what fraction of this spring runoff is contributed from 
snow opposed to direct precipitation?  How much of the snow that accumulates on the 
landscape actually shows up in the annual runoff curve?  This project addresses these 
difficult questions and attempts to at least put some bounding constraints on the answers. 
 The following chapters compute and evaluate input parameter values for 
northwestern Montana and results estimated by the new snowmelt model.  Chapter 2 
calculates first-order approximations of snowmelt volume using two different methods.  
Chapter 3 uses ground-based measurements to assess the quality of MODIS snow-cover 
products for northwestern Montana.  Chapter 4 computes temperature lapse rates for the 
study area using daily air temperature from spatially distributed SNOTEL stations.  
Chapter 5 examines degree-day factors from previous studies and derives degree-day  
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Figure 1.1.  Sequence of MODIS snow-cover products for the Middle Fork Flathead Basin (all products 
are from 2005).
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Figure 1.2.  Typical runoff curve for Middle Fork Flathead Basin measured at Middle Fork Flathead gauge station in 2001.  Red line represents the spring 
snowmelt pulse.  Vertical black and green lines represent January 1st and April 1st.
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factors specifically for northwestern Montana from SNOTEL stations.  Chapter 6 
explains how snowmelt volumes are estimated by the new model using the input 
parameters calculated from Chapters 3-5.  Chapter 7 evaluates and interprets the results 
from the new model and investigates their implications for understating mountain 
watershed hydrology followed by conclusions in Chapter 8. 
1.2. Study Area 
 Two snowmelt-dominated watersheds in northwestern Montana were selected as 
test sites to investigate the new model:  (1) St. Mary Basin and (2) Middle Fork Flathead 
Basin (Table 1.1 and Figure 1.3).  St Mary Basin is a small (81 km2) alpine basin located 
on the east side of the continental divide and lies entirely within the boundaries of Glacier 
National Park.  St. Mary Basin has steep slopes, high relief, and heavily vegetated at 
lower elevations.  The elevation ranges from 1488 to 2906 meters with a mean elevation 
of 2185.  Figure 1.4 shows area versus elevation for St. Mary Basin.  The reason for area 
to decrease around 1800 meters is due to the basin's boundary cutting across contour 
lines.  The geology of St. Mary Basin mostly consists of bedrock (e.g. low-grade 
metamorphic rocks) resistant to weathering with older argillites, dolomites, limestone, 
and sandstones (e.g. quartz arentites) in the lower regions (Earhart et al., 1990).  
Table 1.1.  Characteristics for St. Mary and Middle Fork Flathead Basins. 
Elevation (m) Basin Min Max Mean Area (km
2) 
St. Mary 1488 2906 2185 81
Middle Fork 
Flathead 956 3079 2002 2903
 
 Middle Fork Flathead Basin is a large (2903 km2) basin located west of the 
divide.  Middle Fork Flathead Basin has steep slopes, high relief over short distances (not  
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Figure 1.3.  Location of St. Mary (red) and Middle Fork Flathead (green) Basins in northwestern Montana.  
Thick black line represents the continental divide 
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Figure 1.4.  Area versus elevation for St. Mary (A) and Middle Fork Flathead Basins (B).   
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as drastic as St. Mary Basin), and is highly vegetated as well.  Middle Fork Flathead 
Basin also has open flat areas low in elevation.  The elevation range for Middle Fork 
Flathead Basin is greater than St. Mary with elevation ranging between 956 and 3079 
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meters and a mean elevation of 2002 meters.  Area versus elevation for Middle Fork 
Flathead Basin is illustrated in Figure 1.4.  The geology of Middle Fork Flathead Basin 
mostly consists of sedimentary rocks (e.g. sandstone) with high peaks consisting of 
bedrock. 
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CHAPTER 2: FIRST-ORDER APPROXIMATION OF SNOWMELT 
2.1. Introduction 
 The objectives of this analysis are: (1) to generate a first-order approximation of 
the volume of snow water equivalent covering the study basins at the start of the spring 
melt season, (2) provide constraints for the proportion of water snowmelt contributes to 
surface water for two snowmelt dominated basins in northwestern Montana, and (3) 
provide independent checks on snowmelt volume estimates computed from a new 
snowmelt model.  Two independent methods (1) SWE lapse rates and (2) SWE scaling 
factors were derived to compute volume of snowmelt.    
2.2. Methods 
2.2.1. Snowpack Telemetry (SNOTEL) Data 
 Automated in situ snow measurements were provided by the SNOTEL network 
maintained by the NRCS.  The SNOTEL system operates over 730 sites within 13 
western states and Alaska (Schaefer, 2000).  Each station measures daily 
hydrometeorological data including precipitation, air temperature (maximum, minimum, 
and average), and snow water equivalent (SWE) using a pressure sensing snow pillow 
(Natural Resources Conservation Service, 2005b).   
 Snow water equivalent (SWE) data was collected for 6 different SNOTEL 
stations located in the study area from 2000-2005.  SNOTEL stations are distributed 
spatially and by elevation with three SNOTEL stations on each side of the continental 
divide (Figure 2.1).  The maximum value of SWE was calculated for each SNOTEL site 
and study year (Table 2.1).  Maximum SWE and typically occurred between late March 
and late April. 
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Figure 2.1.  Location of SNOTEL and stream gauge stations for St. Mary (red) and Middle Fork Flathead 
(green) Basins.  Thick black line represents the continental divide.
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Table 2.1.  Maximum SWE (cm) values for individual SNOTEL stations. 
Year SNOTEL 
Station 2000 2001 2002 2003 2004 2005 
Badger Pass 80.3 65.0 131.6 81.8 77.0 57.9
Emery Creek 38.9 33.5 40.9 37.6 40.9 18.3
Flattop Mtn. 109.7 78.2 153.2 112.0 95.0 85.9
Many Glacier 37.6 35.6 55.6 32.0 29.0 11.2
Noisy Basin 114.3 88.6 121.2 102.6 91.7 90.7
2.2.2. PRISM Data 
 Precipitation data was provided by Parameter-elevation Regressions on 
Independent Slopes Model (PRISM) maintained by the United States Department of 
Agriculture's National Resources Conservation Service (NCRS) and the Spatial Climate 
Analysis Service at Oregon State University (PRISM Group, 2006).  Point data, digital 
elevation models (DEM), and other various spatial data sets are used to generate 4 km2 
gridded estimates of monthly, yearly, and event-based climatic parameters including 
precipitation, temperature, degree-days, and dew point measurements (Natural Resources 
Conservation Service, 2005a).  Specifically, the PRISM model 1) uses a DEM to estimate 
the 'orographic' elevations of precipitation stations; 2) groups stations onto individual 
topographic facets by using the DEM and a windowing technique; 3) a regression of 
precipitation versus DEM elevation is developed from stations based on the topographic 
facet of the cells and uses the regression to estimate precipitation at a DEM grid cell; and 
4) approximates the uncertainty involved by calculating a prediction interval for the 
estimate when possible (Daly et al., 1994).  It is important to note that PRISM 
precipitation values represent the output of a model that is calibrated to precipitation 
observations and is not true data. 
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 Two categories of PRISM precipitation data were acquired for this analysis: (1) 
normalized total monthly precipitation estimates based on data from 1961-1990 (referred 
to as averaged PRISM data), and (2) total monthly precipitation data collected from 
2000-2005 (referred to as annual PRISM data).  In northwestern Montana precipitation 
falling as snow is most likely to occur during November to April (snow season), therefore 
PRISM precipitation data was obtained from November to April for each category.  The 
monthly precipitation data was added together to estimate the total amount of 
precipitation falling during the snow season. 
2.2.3. Hydrological Data 
 Hydrological data was provided by the U.S. Geological Survey Water Resources 
of Montana.  Daily stream gauge data was obtained from 2 gauge stations for 2 different 
basins: (1) Swiftcurrent Creek at Many Glacier for St. Mary Basin, and (2) Middle Fork 
Flathead River near West Glacier for Middle Fork Flathead Basin (see Table 2.2 and 
Figure 2.1).  Annual hydrological data was acquired for both stations from 2000-2005.  
To accurately compare hydrological data to snowmelt volume estimates, the proportion 
of measured water due to snow must be projected.  Therefore, the timing of the spring 
snowmelt pulse and estimates of baseflow were approximated for each gauge station on 
an annual basis (Table 2.3 and Figures 2.2 and 2.3). 
Table 2.2.  Stream gauge information for Swiftcurrent and Middle Fork Flathead stations.   
Gauge 
Station 
Latitude 
(N) 
Longitude 
(W) 
Elevation 
(m) 
Continental 
Divide 
Drainage 
Basin 
Swiftcurrent 48°47'57" 113°39'21" 1487 East St. Mary  
Middle Fork 
Flathead 48°29'43" 114°00'33" 954 West 
Middle Fork 
Flathead 
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Figure 2.2.  Measured hydrographs for Swiftcurrent stream gauge station (St. Mary Basin) from 2000-2005.  Red line represents spring snowmelt pulse.
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Figure 2.3.  Measured hydrographs for Middle Fork Flathead stream gauge station (Middle Fork Flathead Basin) from 2000-2005.  Red line represents spring 
snowmelt pulse.
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Table 2.3.  Timing of the spring snowmelt pulse and estimates of baseflow for Swiftcurrent (St. Mary 
Basin) and Middle Fork Flathead (Middle Fork Flathead Basin) gauge stations.  Timing is measured in 
Julian days. 
Melt Pulse Timing  Year Baseflow  (m3/d) Start End 
2000 5 x 104 86 231
2001 2.5 x 104 106 236
2002 5 x 104 101 218
2003 5 x 104 72 228
2004 4 x 104 66 218Sw
ift
cu
rr
en
t 
2005 6 x 104 96 209
2000 15 x 105 81 244
2001 6 x 105 114 247
2002 8 x 105 93 248
2003 10 x 105 66 251
2004 10 x 105 67 234M
. F
or
k 
Fl
at
he
ad
  
2005 20 x 105 85 252
2.2.4. Snowmelt Volume Calculations 
2.2.4.1. SWE Lapse Rate Method 
 This method takes maximum SWE observed at a SNOTEL station and 
extrapolates that value over the entire basin.  The SWE lapse rate method uses only real 
observations to estimate snowmelt volume via a functional relationship between SWE 
and elevation data.  This method assumes 1) a linear relationship between SWE and 
elevation, 2) SWE increases with an increase in elevation, and 3) horizontal gradients due 
to topographic and orographic effects are negligible.  SWE lapse rates were calculated as: 
 
MINMAX
MINMAX
ELEVELEV
SWESWE
RateLapseSWE
−
−
=   (2.1) 
where SWEMAX is the value of maximum SWE for the highest SNOTEL station, SWEMIN 
is the value of maximum SWE for the lower SNOTEL station, ELEVMAX is the elevation 
of the highest SNOTEL station, and ELEVMIN is the elevation of the lower station.  SWE 
lapse rates were calculated for each study year and for two groups: (1) east of the 
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continental divide and (2) west of the divide.  The lapse rates where then applied to 
elevation data for each basin to determine the total volume of snowmelt.   
2.2.4.2. SWE Scaling Factor Method 
 This method extrapolates maximum SWE at a point (SNOTEL station) to the 
basin using modeled PRISM output data as a guide for horizontal and vertical gradients 
in precipitation.  The SWE scaling factor method estimates snowmelt volume by 
computing a ratio between SWE and precipitation data, provided by PRISM, known as 
SWE scaling factor.  This approach assumes 1) not all of the precipitation falling during 
the snow season is in the form of snow, 2) the ratio between SWE and precipitation is 
consistent throughout the basin, and 3) PRISM data properly accounts for topographic 
and orographic effects.  SWE scaling factors were derived as: 
 
IONPRECIPITAT
SNOTEL
PRISM
SWE
FactorScalingSWE =  (2.2) 
 
where SWESNOTEL is the value of maximum SWE and PRISMPRECIPITATION is the snow 
season precipitation value of the grid cell where the SNOTEL station resides.  To 
compute total snowmelt volume estimates, scaling factors were applied to all grid cells 
located within the two basins.  St. Mary Basin was scaled to Many Glacier SNOTEL 
station and Middle Fork Flathead Basin was scaled to Emery Creek SNOTEL station. 
2.3. Results 
2.3.1. SWE Lapse Rate Method 
2.3.1.1. SWE Lapse Rates 
 SWE lapse rates calculated from SNOTEL stations vary annually and locality 
(Table 2.4 and Figures 2.4 and 2.5).  On the east side of the continental divide (St. Mary's
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Figure 2.4.  Calculated SWE lapse rates for St. Mary Basin (east of the continental divide) from 2000-2005.  
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Figure 2.5.  Calculated SWE lapse rates for Middle Fork Flathead Basin (west of the continental divide) from 2000-2005. 
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Table 2.4.  SWE lapse rate for SNOTEL stations east and west of the continental divide from 2000-2005.  
SWE lapse rates measured in (cm/100m). 
SWE Lapse Rate Year East  West 
2000 7.0 13.3
2001 4.8 9.5
2002 12.6 18.1
2003 8.2 12.6
2004 7.9 9.4
2005 7.8 12.7
Average 8.1 12.6
 
Basin), SWE lapse rates ranged between 4.8 and 12.6 cm/100m.  SWE lapse rates west of 
the divide (Middle Fork Flathead Basin) are slightly higher ranging from 9.4 to 18.1 
cm/100m.  SWE lapse rates are the highest during 2002 for both the east and west with 
12.6 and 18.1 cm/100m.  The lowest SWE lapse rates occurred in 2001 and 2004 east and 
west of the divide with 4.8 and 9.4 cm/100m.  Average SWE lapse rates east and west of 
the divide are 8.1 and 12.6 cm/100m, respectively.  
2.3.1.2. Snowmelt Estimates Using SWE Lapse Rates 
 Estimates of snowmelt volume calculated using SWE lapse rates differ between 
St. Mary (east) and Middle Fork Flathead (west) Basins and annually (Table 2.5).  For St. 
Mary Basin snowmelt volumes ranged between 3.95-9.06 x 107 m3.  Calculated snowmelt 
volumes for Middle Fork Flathead Basin ranged from 1.99-3.20 x 109 m3.  The lowest 
volume of snowmelt calculated for both St. Mary and Middle for Flathead Basins 
occurred in 2005 with 3.95 x 107 m3 and 1.99 x 109 m3.  Calculated snowmelt volumes 
are the highest during 2002 with 9.06 x 107 m3 for St. Mary Basin and 3.20 x 109 m3 for 
Middle Fork Flathead Basin.  The average snowmelt volume estimates for St. Mary and 
Middle Fork Flathead Basins using SWE lapse rates are 5.75 x 107 and 2.45 x 109 m3, 
respectively. 
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Table 2.5.  Annual estimates of snowmelt volume derived from SWE lapse rates for St. Mary and Middle 
Fork Flathead Basins. 
Volume (m3)  Year 
Snowmelt Hydrograph 
2000 5.75 x 107 8.20 x 107
2001 4.69 x 107 5.95 x 107
2002 9.06 x 107 10.70 x 107
2003 5.68 x 107 8.08 x 107
2004 5.35 x 107 7.92 x 107S
t. 
M
ar
y 
 
2005 3.95 x 107 6.16 x 107
2000 2.65 x 109 1.64 x 109
2001 2.02 x 109 1.13 x 109
2002 3.20 x 109 2.47 x 109
2003 2.54 x 109 1.60 x 109
2004 2.28 x 109 1.59 x 109M
. F
or
k 
Fl
at
he
ad
  
2005 1.99 x 109 1.19 x 109
2.3.2. SWE Scaling Factor Method 
2.3.2.1. Averaged SWE Scaling Factors 
 SWE scaling factors computed from averaged PRISM precipitation data vary east 
and west of the divide and annually (Table 2.6).  Scaling factors on the east side vary 
from 0.09 to 0.47; whereas, western scaling factors range from 0.20 to 0.45.  SWE  
 scaling factors are the highest for the east in 2002 with a factor of 0.47.  Western factors 
are the highest during 2002 and 2004 with a factor of 0.45.  The lowest SWE scaling 
factors for basins east and west of the divide occurred in 2005 with 0.09 and 0.20.  
Average scaling factors east and west of the divide are 0.27 and 0.39, respectively. 
2.3.2.2. Annual SWE Scaling Factors 
 Annual SWE scaling factors calculated from annual PRISM precipitation data 
vary annually and by region as well (Table 2.7).  Annual factors east of the divide range 
from 0.15 to 0.51.  SWE scaling factors vary between 0.29 and 0.60 on the western side.  
The highest annual factors occurred in 2001 for both regions with the eastern factor of 
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Table 2.6.  Average SWE scaling factors for St. Mary's Basin (east of the divide) and Middle Fork 
Flathead Basin (west of the divide) from 2000-2005. 
Averaged SWE Scaling Factors Year St. Mary Middle Fork Flathead 
2000 0.32 0.43
2001 0.30 0.37
2002 0.47 0.45
2003 0.27 0.42
2004 0.24 0.45
2005 0.09 0.20
Average 0.27 0.39
 
0.51 and the western factor of 0.60.  Annual scaling factors are the lowest during 2005 
with 0.15 for the east and 0.29 for the west.  Average annual SWE scaling factors for east 
and west of the divide are 0.34 and 0.49, respectively. 
2.3.2.3. Snowmelt Estimates Using Averaged SWE Scaling Factors 
 Snowmelt estimates calculated using averaged SWE scaling factors differ 
regionally and annually (Table 2.8).  For St. Mary Basin (east) snowmelt volume ranged 
from 0.98-4.86 x 107 m3.  The volume of snowmelt computed for the Middle Fork 
Flathead Basin (west) was higher than for St. Mary varying from 0.55-1.22 x 109 m3.  
The lowest volume of snowmelt calculated for both St. Mary and Middle Fork Flathead 
Basins occurred in 2005 with 0.98 x 107 and 0.55 x 109 m3.  Estimated snowmelt volume 
was the highest during 2002 for St. Mary Basin with 4.86 x 107 and was the highest 
Table 2.7.  Annual SWE scaling factors for St. Mary's Basin (east of the divide) and Middle Fork 
Flathead Basin (west of the divide) from 2000-2005. 
 Annual SWE Scaling Factors Year St. Mary Middle Fork Flathead 
2000 0.32 0.47
2001 0.51 0.60
2002 0.43 0.47
2003 0.31 0.47
2004 0.30 0.57
2005 0.15 0.29
Average 0.34 0.49
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Table 2.8.  Annual estimates of snowmelt volume derived from averaged SWE scaling factors for St. 
Mary and Middle Fork Flathead Basins. 
Volume (m3)  Year 
Snowmelt Hydrograph 
2000 3.29 x 107 8.20 x 107
2001 3.11 x 107 5.95 x 107
2002 4.86 x 107 10.70 x 107
2003 2.80 x 107 8.08 x 107
2004 2.53 x 107 7.92 x 107S
t. 
M
ar
y 
 
2005 0.98 x 107 6.16 x 107
2000 1.16 x 109 1.64 x 109
2001 0.99 x 109 1.13 x 109
2002 1.22 x 109 2.47 x 109
2003 1.12 x 109 1.60 x 109
2004 1.22 x 109 1.59 x 109M
. F
or
k 
Fl
at
he
ad
  
2005 0.55 x 109 1.19 x 109
 
during 2002 and 2004 for Middle Fork Flathead Basin with 1.22 x 109 m3.  The average 
snowmelt volume estimates for St. Mary and Middle Fork Flathead Basins are 2.93 x 107 
and 1.04 x 109 m3, respectively. 
2.3.2.4. Snowmelt Estimates Using Annual SWE Scaling Factors 
 Snowmelt estimates computed using annual SWE scaling factors are comparable 
to estimates calculated from averaged SWE factors (Table 2.9).  Snowmelt volume 
ranged from 0.98-4.69 x 107 m3 for St. Mary Basin and from 0.50-1.28 x 109 m3 for 
Middle Fork Flathead Basin.  Estimates of snowmelt volume are the highest in 2002 with 
4.69 x 107 m3 for St. Mary Basin and the Middle Fork Flathead Basin with 21.28 x 109   
m3.  The lowest calculated snowmelt volumes occurred during 2005 for both basins with 
St. Mary estimating 0.98 x 107 m3 and Middle Fork Flathead approximating 0.50 x 109 
m3.  The average snowmelt volume estimates calculated using annual SWE factors for St. 
Mary and Middle Fork Flathead Basins are 2.89 x 107 and 1.05 x 109 m3, respectively. 
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Table 2.9.  Annual estimates of snowmelt volume derived from annual SWE scaling factors for St. Mary 
and Middle Fork Flathead Basins. 
Volume (m3)  Year 
Snowmelt Hydrograph 
2000 3.27 x 107 8.20 x 107
2001 3.08 x 107 5.95 x 107
2002 4.69 x 107 10.70 x 107
2003 2.85 x 107 8.08 x 107
2004 2.49 x 107 7.92 x 107S
t. 
M
ar
y 
 
2005 0.98 x 107 6.16 x 107
2000 1.18 x 109 1.64 x 109
2001 1.02 x 109 1.13 x 109
2002 1.28 x 109 2.47 x 109
2003 1.09 x 109 1.60 x 109
2004 1.23 x 109 1.59 x 109M
. F
or
k 
Fl
at
he
ad
  
2005 0.50 x 109 1.19 x 109
 
2.4. Summary of Results 
 Overall, snowmelt volume estimates produced from the SWE lapse rate approach 
and the two SWE scaling factor methods are of the same order of magnitude for St. Mary 
(107 m3) and Middle Fork Flathead Basins (109 m3).  Additionally, the snowmelt volume 
estimates are of the same order of magnitude as the measured hydrological data.  Hence, 
the volume of snow water equivalent based on SNOTEL maximum SWE is of the same 
order of magnitude of water appearing in the hydrograph during the spring melt pulse. 
 Three out of four methods produce snowmelt volume estimates that are less than 
discharge measurements for both basins, except for estimates calculated by SWE lapse 
rates for the Middle Fork Flathead Basin.  The most likely reason SWE lapse rates 
produce larger snowmelt volume in the Middle Fork Flathead Basin, is due to the fact 
that the lapse rates are projected to Flattop Mountain SNOTEL station.  This station is 
located at a high elevation (1921 m) and resembles alpine conditions, which is not 
representative of much of the basin.  For a few years, snow does not account for all the 
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discharge in the two watersheds.  This is expected due to the fact that rain events must 
also account for a proportion of the discharge (role of precipitation will be discussed in 
Chapter 6).  First-order approximation results will be discussed further in conjunction 
with additional values obtained from a remote sensing based snowmelt model 
(independent of SNOTEL) later in Chapter 6. 
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CHAPTER 3: MODIS QUALITY ASSESSMENT 
3.1. Introduction 
 
The majority of the western United States depends on mountain watersheds for 
water resources (Denniston, 1995).  Since the majority of this water comes from snow it 
is essential to comprehend the effect snow has on the hydrological cycle in mountain 
watersheds.  However, on a basin scale, mapping snow-cover changes through time is a 
major hindrance to our understanding of snow water resources.   
With the advancement of remote sensing satellite imagery, in particular the 
Moderate Resolution Imaging Spectroradiometer (MODIS), near real-time determination 
of snow-cover on a basin scale is potentially now feasible.  Few studies, however, have 
assessed the quality of MODIS snow-cover products.  Hall et al. (2002a); Hall et al. 
(2002b); and Hall et al. (2002c) compared MODIS snow-cover products with other 
operational snow maps (e.g. National Operational Hydrologic Remote Sensing Center 
(NOHRSC), Special Sensor Microwave/Imager (SSM/I) and Landsat ETM+) for North 
America.  They concluded: (1) snow maps derived from visible and near-infrared data are 
more accurate than passive-microwave derived maps, (2) MODIS snow-cover product 
compared well with other operational snow maps, and (3) MODIS products tend to map 
more snow, especially at the beginning of the snow season. 
More recent studies [Klein and Barnett (2003); Lee et al. (2005); Tekeli et al. 
(2005); and Zhou et al. (2005)] compare MODIS snow-cover maps with ground-based 
observations to test the accuracy of these products.  Three of these studies [Klein and 
Barnett (2003); Lee (2005); and Zhou et al. (2005)] compare MODIS snow maps with 
NOHRSC maps, Snowpack Telemetry (SNOTEL) and streamflow data for the Upper Rio 
 25
Grande Basin (southern Colorado –northern New Mexico); whereas, Tekeli et al. (2005) 
compare MODIS with snow course and automated meteorological data for the Karasu 
Basin (eastern Turkey).  They found:  (1) MODIS and NOHRSC maps have an overall 
agreement of 86% with MODIS mapping more snow than NOHRSC, (2) compared to in 
situ measurements MODIS products are 62-94% accurate, (3) MODIS tends to under-
represent snow-cover in higher elevation zones and over-represent in lower elevation 
regions, and (4) in snow-dominated basins, snow-cover products are adequate for 
streamflow prediction.   
The aim of this analysis is to compare MODIS snow-cover products with ground-
based measurements, provided by SNOTEL stations and basin survey data, to assess the 
quality of snow maps in northwestern Montana.  Quality assessment was performed for 
2000-2005, in order to assess whether snow depletion curves, derived from MODIS, are 
accurate enough to be used as an input parameter for a new snowmelt model.   
Mapping snow-cover in northwestern Montana is expected to be challenging due 
to the variability of:  1) terrain, 2) vegetation, 3) weather, and 4) snow conditions.  
Terrain in northwestern Montana is steep and relief is high, where 1500 meter elevation 
change over a few kilometers is common.  Several alpine rock walls and outcrops (e.g. 
limestone) are prevalent and could be confused as snow due to high albedo values.  
Unlike the Upper Rio Grande and Karasu Basins, vegetation, in places, is quite dense in 
northwestern Montana.  Weather in Montana is more similar to mountain maritime 
conditions, where valleys are often inverted and summits are surrounded by clouds.  
Compared to climate in the interior southern Rockies and eastern Turkey, northwestern 
Montana experiences fewer clear and sunny days.  Additionally, snow conditions can be 
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variable in different regions, with dry, low density, high albedo snow up high and wet, 
dense, low albedo snow down low.  Therefore, it is important to test and quantify the 
ability of MODIS to map snow cover in northwestern Montana.   
3.2. MODIS Instrument and Snow Mapping Algorithm 
 
MODIS is aboard the Terra spacecraft, launched in December 1999, and began 
collecting data in late February 2000.  MODIS obtains data in 36 spectral bands including 
the visible, near- and short-wave infrared and thermal portions of the electromagnetic 
spectrum.  The instrument has a swath width of 2330 km, providing global views of the 
entire earth's surface every 1 to 2 days.  Several geophysical products, including snow-
cover, have been developed using MODIS image data (Justice et al., 1998). 
The development of the snow-mapping algorithm, Snowmap, has been explained 
in detail by others (Hall et al., 1995; Klein et al., 1998; and Hall et al., 2002c), therefore 
only a brief overview is presented here.  The Algorithm Theoretical Basis Document 
(ATBD) for the MODIS Snow and Sea Ice-Mapping Algorithms (Hall et al., 2001) 
provides the most recent version of the MODIS snow-mapping algorithm. 
Snowmap first identifies the presence of snow in each pixel by using the 
Normalized Difference Snow Index (NDSI) and threshold values (Hall et al., 2002c).  
The NDSI measures the difference between snow reflectance in the visible and short-
wave infrared segments (Hall et al., 2001).  The NDSI for MODIS is calculated as: 
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In general, the NDSI separates snow-covered pixels from non-snow areas. 
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 To improve the accuracy of Snowmap, a thermal mask is applied, after the NDSI, 
to eliminate false snow-covered pixels.  The thermal mask approximates ground 
temperature for each pixel, using MODIS infrared bands 31 and 32.  If the temperature is 
less than 283 K the pixel will be mapped as snow (Riggs et al., 2003). 
 MODIS snow-cover maps are constructed from a swath (scene) which has 
nominal pixel resolution and swath coverage of 500 m and 2330 km by 2030 km (Riggs 
et al., 2003).  Following a 6-step sequence, 6 different snow products are produced.  With 
the exception of the initial snow product, MOD10L2, each product in the sequence is 
generated using the preceding artifact as input (Riggs et al., 2003).  MODIS/Terra 8-day 
snow-cover Level 3, 500 m resolution product (MODIS/Terra Snow Cover 8-day L3 
Global 500 m SIN Grid – MOD10A2) in sinusoidal projection of Version 4 is the image 
type used for this study. 
3.3. Methods 
3.3.1. Data 
3.3.1.1. MOD10A2 Product 
 
 The MOD10A2 snow-cover product is an 8-day composite produced from the 
daily snow-cover product (MOD10A1) and contains two scientific data sets (SDS):  (1) 
Maximum Snow Extent and (2) Eight Day Snow Cover.  The Maximum Snow Extent 
SDS examines cell observations over multiple days.  If a pixel was determined to be 
snow-covered for any day then the cell is classified as snow in the Maximum Snow 
Extent SDS (Table 3.1).  If no snow is found, then the cell is labeled with the most 
frequent value observed.  In order to minimize cloud cover extent, the SDS is biased to 
clear views (i.e. values that are not cloud), a pixel will only be categorized as cloud if the 
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cell was obscured by clouds for all observations (Riggs et al., 2003).  This reasoning 
reduces the number of pixels classified as cloud. 
Table 3.1.  MODIS, SNOTEL, Survey classifications. 
Coded Integer Classification SWE Classification 
0 No decision 
1 Missing data > 0 Snow 
4 Erroneous data 
25 Land (no snow) 
SN
O
T
E
L
 
0 No snow 
37 Inland water 
39 Ocean Snow depth Classification 
50 Cloud > 0 Snow M
O
D
IS
 P
ro
du
ct
s 
200 Snow S
ur
ve
y 
0 No snow 
 
 The MOD10A2 product was selected for analysis for multiple reasons.  First, 
compared to other products, like Landsat TM and ASTER, MODIS has a higher temporal 
resolution which is essential for this type of analysis.  Second, weather in northwestern 
Montana is highly variable, with long periods of cloud cover; therefore, it was felt that 
utilizing 8-day snow products would minimize the number of images obscured by clouds.  
Finally, the entire study area is located within a single MODIS tile (h10v04) and all 
images are projected in the same coordinate system.  
 MOD10A2 snow-cover products were obtained from the National Snow and Ice 
Data Center (NSIDC) Distributed Active Archive Center (DAAC) for 2000-2005.  The 
images were collected for the entire year, however, in order to reduce cloud-covered 
pixels, only images from February 26 to October 7 were considered for analysis.  During 
this time period 46 snow-cover products were examined for each year, except for 2000 
and 2001 where only 39 and 44 products were available, for a total of 267 images. 
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3.3.1.2. SNOTEL Data 
 
 SNOTEL data was acquired for 6 stations located within the study area for the 
years 2000-2005 from the NRCS (http://www.wcc.nrcs.usda.gov/snow) and  served as in 
situ ground measurements.  The 6 SNOTEL sites are spatially distributed (Figure 3.1), 
with 3 sites located on each side of the continental divide and range in elevation from 
1326-2104 meters (Table 3.2).  Historical snow depth data were not available for all 
SNOTEL sites, instead SWE was analyzed. 
Table 3.2.  SNOTEL station information (NRCS, 2005a) 
SNOTEL 
Site 
Latitude 
(° N) 
Longitude 
(° W) 
Elevation 
(meters) 
Continental 
Divide 
Badger Pass 48.130883 -113.023167 2104 East
Emery Creek 48.434117 -113.937250 1326 West
Flattop Mtn. 48.802383 -113.857217 1921 West
Many Glacier 48.796983 -113.670500 1494 East
Noisy Basin 48.156683 -113.946233 1841 West
Pike Creek 48.303017 -113.328717 1808 East
3.3.1.3. Basin Ground Surveys 
 
 Manual in situ snow depth data from 6 different basin surveys were provided by 
Dan Fagre of the USGS Northern Rocky Mountain Science Center.  Transacts routes 
were originally established to sample the diversity of hillslope units with different 
predicted snowfall levels.  During the winter surveys were conducted monthly and bi-
weekly during the spring snowmelt period.  Surveys vary in length (1-5 km), elevation, 
sample interval (200-500 m), and number of sample sites (Table 3.3).  Snow depth 
measurements were taken using a snow sampler (recorded to the nearest ¼ inch) and  
followed sample methodology modeled after Snow Survey Sampling Guide, U.S. 
Department of Agriculture, Soil Conservation Service, Agriculture Handbook No. 169 
(USGS, 2005).   
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Figure 3.1.  Location of SNOTEL stations and basin ground surveys within the study area. 
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 Survey data collected during the study period (Feb. 26 – Oct. 7) from 2000-2005 
were examined.  All basin surveys are located within Glacier National Park (Figure 3.1).  
Avalanche, Snyder, and Stanton surveys are located west of the continental divide within 
the Lake McDonald Drainage.  Baring, Divide, and Preston surveys are located within St. 
Mary Drainage east of the divide.  
 
Table 3.3.  USGS basin survey information (courtesy of D. Fagre, USGS). 
Survey 
Name 
Surveys 
Conducted 
Number of 
Sample 
Sites 
Total 
Sample 
Size 
Minimum 
Elevation 
(m) 
Maximum 
Elevation 
(m) 
Slope Aspect 
Avalanche 11 15 168 1051 1628 21 N 
Baring 5 20 100 1375 1545 15 F & S 
Divide 11 30 330 1377 1928 9 F & W 
Preston 18 34 612 1438 2226 14 SW & S 
Snyder 14 18 252 996 1749 22 S & W 
Stanton 12 14 168 995 1743 17 S & SW 
Total 71 131 1630 N/A N/A N/A N/A 
 
3.3.2. Assessment Scheme 
 
  A decision tree based assessment schemes was developed, in order to compare 
MODIS snow-cover products against ground truth observations (Figure 3.2).  Several 
combinations could transpire between MODIS and SNOTEL/basin survey classifications.  
If MODIS and ground based classifications were similar (e.g. both classified as snow), 
the MODIS image was defined as a match.  If the pixel was defined as a match, the 
MODIS 8-day snow cover product was deemed accurate.  If classifications were not 
similar (e.g. one distinguished snow and the other no snow) the snow product was 
defined as no match.  Images were deemed inaccurate if the pixel was not a match.  SWE 
and snow depth measurements are still examined to determine if MODIS over- or 
underestimates snow-cover.  Pixels classified as cloud were categorized as no data and  
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Figure 3.2.  Decision tree of possible MODIS validation outcomes.
Basin Ground Surveys
NO DATAMATCH NO MATCH NO DATA MATCHNO MATCH
CLOUD CLOUD
SNOTEL = snow SNOTEL = no snow
SNOTEL = snow
MODIS = snow
Survey = snow
MODIS = snow
SNOTEL = no snow
MODIS =  no snow
Survey = no snow
MODIS = no snow
Survey = snow Survey = no snow
SWE > 5 cm Measurement > 5 cmSWE < 5 cm Measurement < 5 cm
Cloud?< 50% snow covered Cloud? < 50% snow covered
SNOTEL Data
MODIS
Snow Cover Product
Omission:
SNOTEL = snow
MODIS = no snow
Commission:
SNOTEL = no snow
MODIS =  snow
Commission:
Survey = no snow
MODIS =  snow
Omission:
Survey = snow
MODIS = no snow
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ground observations were classified as well.  To minimize assessment errors, cells 
covered by clouds were not considered for analysis. 
 As SNOTEL observations are taken daily, SWE was averaged over the same 8 
day intervals corresponding to the 8-day snow product.  If the SWE value is greater than 
zero the SNOTEL site is categorized as snow and as no snow if the SWE value is equal to 
zero (Table 3.1).  The single MODIS pixel corresponding to the geographic location of 
each SNOTEL site is then compared to the classifications determined by SWE.    
 Survey measurements were categorized in a similar fashion as SNOTEL data.  
Basin surveys were classified as snow if survey measurement were greater than zero 
(Table 3.1).  As survey data was observed only for a single day, an 8-day average could 
not be estimated.  Instead, the MODIS 8-day image that included the survey date was 
analyzed.  The MODIS cell corresponding to the geographic location of each survey 
sample is then compared to the survey classifications.   
 The survey observations were compared to the corresponding pixel classifications 
determined by MODIS.  If the classifications are similar the pixel was determined as a 
match.  Again, matches were determined to be accurate.  Again, to avoid assessment 
errors, pixels classified as cloud were eliminated. 
3.4. Results 
3.4.1. MODIS-SNOTEL Comparison 
 
 Throughout the six year study period, a possible 996 ground observations could 
be analyzed for MODIS quality assessment.  Of the 996 measurements, 137 were 
discarded due to cloud cover, providing a new total of 859.  Comparison of MODIS and 
in situ SNOTEL observations (Table 3.4) show good agreement with accuracies ranging 
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between 70% and 91%.  Emery Creek and Pike Creek stations have the highest 
agreement with 91% and 90%.  Noisy Basin has the lowest, with SNOTEL and MODIS 
data matching only 70% of the time.  The overall agreement for all SNOTEL 
observations is 84%. 
 SNOTEL data is measured at a single point; however, this data is extrapolated to 
represent an entire MODIS pixel (500 m2).  Therefore, when MODIS and SNOTEL 
classifications do not agree, it is most likely due to the fact that 50% of the MODIS pixel 
is different than the SNOTEL station (Figure 3.3).  Elevation data for each MODIS cell 
containing a SNOTEL site is shown in Table 3.5. 
3.4.2. MODIS-Basin Surveys Comparison 
 
 A possible 1627 in situ survey measurements could be analyzed for MODIS 
quality assessment.  Due to cloud cover, 392 observations were eliminated – an 
additional 148 measurements were removed due to the absence of a sample – providing a 
new total of 1087.  Comparison of MODIS and survey observations (Table 3.4) show a 
larger range of accuracies ranging between 62% and 100%.  Baring survey has the 
highest overall agreement with 100%.  Stanton survey has the lowest accuracy with data 
matching only 62% of the time.  The overall agreement for ground surveys is 85%. 
3.4.3. Clouds 
 A total of 529 observations were eliminated due to cloud cover.  Approximately 
73% of the images obscured by cloud cover occur during late winter and early spring 
with a few occurring mid summer (Table 3.6).  March 22-28 had the highest number of 
ground observations covered by cloud with 135.   
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Table 3.4.  MODIS quality assessment results for SNOTEL and USGS surveys. 
Agreement  Disagreement Extra   Agreement Sample Size 
Name Snow No Snow 
Missed 
Snow 
Excess 
Snow Missed  Cloud
No 
Sample 
Total 
(images) 
Overall 
(%) 
Without 
Clouds 
With 
Clouds 
Badger Pass 53 60 23 1 0 29 0 113 83 137 166
Emery Creek 40 95 9 5 0 17 0 135 91 149 166
Flattop Mtn. 56 57 13 3 0 37 0 113 88 129 166
Many Glacier 35 85 26 2 0 18 0 120 81 148 166
Noisy Basin 45 59 38 6 0 18 0 104 70 148 166
Pike Creek 58 75 14 1 0 18 0 133 90 148 166
SN
O
T
E
L
 
Total  287 431 123 18 0 137 0 718 84 859 996
Avalanche 69 7 12 3 0 69 5 76 84 91 165
Baring  44 0 0 0 0 56 0 44 100 44 100
Divide 253 24 6 26 0 7 14 277 90 309 330
Preston  287 34 19 2 0 159 111 321 94 342 612
Snyder  106 27 31 11 11 52 14 133 72 186 252
Stanton 49 22 15 29 0 49 4 71 62 115 168
Su
rv
ey
s 
Total  808 114 83 71 11 392 148 922 85 1087 1627
Overall 1095 545 206 89 11 529 148 1640 84 1946 2623
% Without 
Clouds 56 28 11 5 1 0 0
A
ll 
D
at
a 
% With 
Clouds 42 21 8 3 0 20 6
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Figure 3.3.  Elevation change within a MODIS pixel (red square) containing Noisy Basin SNOTEL site. 
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Table 3.5.  Elevation information for MODIS pixels containing SNOTEL stations. 
SNOTEL 
Station 
Minimum 
Elevation 
(m) 
Maximum 
Elevation 
(m) 
Mean 
Elevation 
(m) 
Elevation 
Range 
(m) 
Standard 
Deviation 
Badger Pass 1969 2270 2097 301 83.21
Emery Creek 1312 1408 1354 96 26.22
Flattop Mtn. 1910 1943 1927 33 9.78
Many Glacier 1509 1686 1593 177 48.93
Noisy Basin 1372 1683 1520 311 79.35
Pike Creek 1828 2000 1920 172 49.38
  
 Automatic SNOTEL measurements were obscured by clouds 137 times (26% of 
total cloud obscured observations).  Flattop Mountain station has the highest cloud 
covered observations with 37 (Table 3.7).  Emery Creek has the lowest with data covered 
by cloud only 17 times.  Approximately, 87% of in situ observations were distinguished 
as snow (13% as no snow) when MODIS classified cloud. 
 Basin ground survey data was cloud obscured 392 times (74% of total cloud 
obscured observations).  Snyder survey has the highest cloud covered measurements with 
159 (Table 3.7).  Divide survey has the lowest with data obscured by cloud only 7 times.  
Survey measurements had a higher classification for snow (71%) than no snow (8%) 
when MODIS was covered by clouds (Table 3.6).  Additionally, 13% of the observations 
were discarded due to the absence of a ground sample. 
3.5. Summary of Results 
 
 Overall, the MOD10A2 snow-cover product is 84% accurate in northwestern 
Montana (Table 3.3).  The results from this analysis are comparable to studies in other 
locations (Klein and Barnett, 2003; Lee et al., 2005; Tekeli et al., 2005; and Zhou et al., 
2005), that found MODIS products to be 62–94% accurate.  For northwestern Montana, 
cloud cover is prevalent during late winter to early spring.  When MODIS pixels were  
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Table 3.6.  Classification of ground observations when MODIS determines cloud. 
 Name Snow No Snow No 
Sample 
Total % of 
Total 
Badger Pass 27 2 0 29 21
Emery Creek 13 4 0 17 12
Flattop Mtn. 33 4 0 37 27
Many Glacier 15 3 0 18 13
Noisy Basin 16 2 0 18 13
Pike Creek 15 3 0 18 13
Total 119 18 0 137 26
SN
O
T
E
L
 
% of Total 87 13 0
Avalanche 66 3 0 69 18
Baring 43 0 13 56 14
Divide 4 3 0 7 2
Preston 44 1 7 52 13
Snyder 105 23 31 159 41
Stanton 49 0 0 49 13
Total 311 30 51 392 74
Su
rv
ey
s 
% of Total 79 8 13
Overall 430 48 51 529 100
A
ll 
% of Overall 81 9 10
 
classified as cloud, approximately 81% of these cells were distinguished as snow by 
ground measurements.  During the six year study interval, 33% of MODIS images were 
discarded due to excessive cloud cover (detailed in following chapter).  The classification 
scheme used here implies that MODIS failed to map snow-cover correctly 16% of the 
time in northwestern Montana.  Snow mapping errors are generated by two different 
processes:  (1) omission (noted as 'Missed Snow' in Table 3.4) – missing snow when it is 
present, and (2) commission (noted as 'Excess Snow' in Table 3.4) – mapping snow when 
none is present (Klein and Barnett, 2003).  The MOD10A2 product has a higher 
percentage of omission (11%) than errors of commission (5%).  Thus, images appear to 
have a tendency to underestimate snow covered pixels.  In many of these cases the 
ground point was likely to have snow when 50% of the pixel was not covered by snow.  
For example, 55% of the time MODIS failed to map snow occurred when ground 
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Table 3.7.  Time distribution of cloud covered observations. 
8-Day Time 
Interval Year 
8-Day Time 
Interval Year 
Start End 2000 2004 Start End 2001 2002 2003 2005 
Total 
26-Feb 4-Mar 12 4 26-Feb 5-Mar 0 3 0 0 19 
5-Mar 12-Mar 39 0 6-Mar 13-Mar 0 21 39 0 99 
13-Mar 20-Mar 30 9 14-Mar 21-Mar 0 5 0 3 47 
21-Mar 28-Mar 0 0 22-Mar 29-Mar 3 20 72 40 135 
29-Mar 5-Apr 1 0 30-Mar 6-Apr 6 0 5 1 13 
6-Apr 13-Apr 0 0 7-Apr 14-Apr 38 19 0 0 57 
14-Apr 21-Apr 1 18 15-Apr 22-Apr 1 0 0 0 20 
22-Apr 29-Apr 5 0 23-Apr 30-Apr 0 3 36 0 44 
30-Apr 7-May 1 0 1-May 8-May 0 0 0 1 2 
8-May 15-May 1 5 9-May 16-May 1 0 0 1 8 
16-May 23-May 1 2 17-May 24-May 0 0 0 2 5 
24-May 31-May 0 2 25-May 1-Jun 0 3 0 0 5 
1-Jun 8-Jun 0 0 2-Jun 9-Jun 0 1 8 2 11 
9-Jun 16-Jun 3 4 10-Jun 17-Jun 37 0 0 0 44 
17-Jun 24-Jun 1 0 18-Jun 25-Jun 0 1 0 0 2 
25-Jun 2-Jul 0 1 26-Jun 3-Jul 0 0 0 0 1 
3-Jul 10-Jul 0 0 4-Jul 11-Jul 0 0 0 0 0 
11-Jul 18-Jul 0 0 12-Jul 19-Jul 0 0 0 0 0 
19-Jul 26-Jul 0 0 20-Jul 27-Jul 0 0 0 0 0 
27-Jul 3-Aug 0 0 28-Jul 4-Aug 0 0 0 0 0 
4-Aug 11-Aug 2 0 5-Aug 12-Aug 0 0 0 0 2 
12-Aug 19-Aug 5 0 13-Aug 20-Aug 0 0 0 0 5 
20-Aug 27-Aug 0 0 21-Aug 28-Aug 0 0 0 0 0 
28-Aug 4-Sep 0 0 29-Aug 5-Sep 0 0 0 0 0 
5-Sep 12-Sep 1 0 6-Sep 13-Sep 0 0 0 0 1 
13-Sep 20-Sep 0 5 14-Sep 21-Sep 0 0 0 0 5 
21-Sep 28-Sep 0 0 22-Sep 29-Sep 0 0 0 0 0 
29-Sep 6-Oct 0 0 30-Sep 7-Oct 0 1 0 3 4 
Total 103 50  86 77 160 53 529 
 
observations indicated less than 5 cm of SWE.  While these limitations must be 
considered, MOD10A2 snow-cover product appears to be sufficient for mapping snow in 
northwestern Montana. 
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CHAPTER 4: TEMPERATURE LAPSE RATES 
4.1. Introduction 
 
In mountainous regions, meteorological data, including temperature, display large 
spatial variations.  However due to uninhabited and hazardous areas, air temperature 
measurements are sparse.  Therefore, meager temperature data must be interpolated over 
large distances and elevations (Dodson and Marks, 1997).   
 In the lowest 10-15 km of the atmosphere, temperature declines with an increase 
in altitude.  This decline, known as temperature lapse rate (Γ), is controlled by the 
balance between heat convection from the surface and radiative cooling.  In its simplest 
from the lapse rate is defined as: 
 
z
T
∂
∂
−=Γ  (4.1) 
where T is temperature and z is elevation (Hartmann, 1994).  However, lapse rates vary 
with: (1) altitude, (2) season, (3) latitude, and (4) interactions between topography and 
weather (e.g. dry versus moist air and inversions).  Temperature in the Northern 
Hemisphere is coldest during February in polar regions and warmest during July in 
tropical areas.  Additionally, the dry adiabatic lapse rate is greater than the moist 
(saturated) adiabatic rates.  This trend is caused by the release of latent heat, where at the 
surface dry air has less latent energy, and thus its temperature drops more rapidly with 
altitude (Hartmann, 1994). 
Previous studies (Martinec and Rango, 1986; and World Meteorological 
Organization (WMO), 1986) used daily and monthly temperature data averaged over a 
number of years to determine temperature lapse rates for several basins located 
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worldwide.  The WMO (1986) concluded that lapse rates ranged from 0.0 to 
1.12°C/100m.  Martinec and Rango (1986) found a smaller lapse rate range with rates 
from 0.59 to 0.95°C/100m. 
More recently, Rolland (2003) analyzed 269 climatic stations varying spatially 
and with elevation in northern Italy.  Rolland (2003) used a simple linear regression to 
calculate minimum, maximum, and mean monthly temperatures.  He concluded (1) 
yearly lapse rates ranged between 0.54 to 0.58°C/100m and (2) errors are most likely 
caused by large spatial variability, especially regions exceeding 1° width of latitude 
(Rolland, 2003). 
Since the determination of precipitation and snowmelt calculations is highly 
dependent on temperature distribution (WMO, 1986), the goal of this study is to use 
historical temperature data, provided by SNOTEL stations, to determine a mean annual 
temperature lapse rate in northwestern Montana.  SNOTEL temperature readings were 
analyzed for 2000-2005, in order to determine an accurate temperature lapse rate for 
northwestern Montana to be used as an input parameter for a new snowmelt model.   
4.2. Methods 
4.2.1. SNOTEL 
 
 Automatic in situ air temperature measurements were provided by the SNOTEL 
network.  SNOTEL provides daily maximum, minimum, and average temperature 
readings.  Temperature measurements are made every 15 minutes during the day, from 
midnight to midnight, and are stored at the site.  The daily average temperature at 
SNOTEL sites is a true average temperature.  The 15 minute temperature values are 
accumulated and at the end of the day the collected total is divided by the number of 
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daily readings (< 96 readings) to determine the actual average temperature (Jim Marron, 
personal correspondence). 
 SNOTEL daily temperature data was acquired from the same 6 stations used for 
MODIS assessment (Table 3.2).  Again, the SNOTEL sites are spatially distributed, with 
3 stations located on each side of the continental divide (Figure 4.1), and range in 
elevation from 1326-1921 meters (Table 4.1).  Daily average air temperature readings 
from each of the SNOTEL sites were analyzed for 2000-2005. 
4.2.2. Lapse Rate Calculation 
 Temperature lapse rates were calculated from historical SNOTEL temperature 
and elevation data.  A model written in MATLAB was used to calculate a mean annual 
temperature (Table 4.1) from daily average temperatures for each SNOTEL site.  
Utilizing the above linear relationship, Eq. 4.1 can be rewritten as:   
  
lowerhigher
lowerhigher
zz
TT
−
−
−=Γ  (4.2) 
where Thigher and zhigher are the mean annual temperature and elevation of the SNOTEL 
station with the higher elevation and Tlower and zlower are the mean annual temperature and 
elevation of the SNOTEL station with the lower elevation. 
 Annual temperature lapse rates were calculated for each SNOTEL station.  Lapse 
rates were determined for every possible SNOTEL combination for a total of 30 lapse 
rates.  Throughout the 6 year study period, approximately 2192 average daily temperature 
measurements were analyzed for each SNOTEL site.   
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Figure 4.1.  Location and elevation information for SNOTEL stations. 
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Table 4.1.  Temperature (°C), elevation (m), and side of continental divide data for 6 SNOTEL stations. 
SNOTEL Station Mean Annual Temperature (°C) Elevation (m) 
Continental 
Divide 
Badger Pass 2.08 2104 East
Emery Creek 4.11 1326 West
Flattop Mtn. 1.42 1921 West
Many Glacier 4.82 1494 East
Noisy Basin 3.24 1841 West
Pike Creek 3.64 1808 East
4.3. Results 
4.3.1. Lapse Rates East of Continental Divide 
 
 Calculated lapse rate values (Table 4.2) for the east side of the continental divide 
range between 0.38 and 0.53°C/100m.  The lapse rate calculated from Pike Creek to 
Badger Pass has the highest rate with 0.53°C/100m.  Many Glacier to Pike Creek was the 
lowest, with a rate of 0.38°C/100m.  The average annual temperature lapse rate for the 
east side of the divide is 0.45°C/100m. 
4.3.2. Lapse Rates West of Continental Divide 
 The temperature lapse rates for the west side of the continental divide have a 
larger range than the east, with observed rates (Table 4.2) varying between 0.17 and 
2.28°C/100m.  The lapse rate calculated from Noisy Basin to Flattop Mountain has the 
highest rate with 2.28°C/100m.  Emery Creek to Noisy Basin was the lowest, with a rate 
of 0.17°C/100m.  The average annual temperature lapse rate for the west side of the 
divide is more than twice the east side with a rate of 0.97°C/100m. 
4.3.3. Study Area Lapse Rates 
 
 Lapse rate values range between -0.43 and 2.28 °C/100m for the entire study area.  
The rate calculated from Noisy Basin to Flattop Mountain has the highest rate with  
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Table 4.2.  Calculated lapse rates (°C/100m) for the east (yellow) and west (grey) side of the continental 
divide. 
SNOTEL 
Station 
Badger 
Pass 
Emery 
Creek 
Flattop 
Mtn. 
Many 
Glacier 
Noisy 
Basin 
Pike 
Creek 
Badger 
Pass X 0.26 -0.36 0.45 0.44 0.53
Emery 
Creek 0.26 X 0.45 -0.43 0.17 0.10
Flattop 
Mtn. -0.36 0.45 X 0.80 2.28 1.96
Many 
Glacier 0.45 -0.43 0.80 X 0.46 0.38
Noisy 
Basin 0.44 0.17 2.28 0.46 X 1.21
Pike 
Creek 0.53 0.10 1.96 0.38 1.21 X 
Avg. East 
Lapse 
Rate 
0.45 
Avg. West 
Lapse 
Rate 
0.97 
 
2.28°C/100m.  Emery Creek to Many Glacier was the lowest, with -0.43°C/100m.  Two 
calculated lapse rates, Flattop Mountain to Badger Pass and Emery Creek to Many 
Glacier, were negative (temperature inversion).  This indicates that the higher SNOTEL 
station had a warmer mean temperature than the lower station.  However, these rates were 
calculated by stations located 45 kilometers away (Table 4) and on opposite sides of the 
divide.  The average annual temperature lapse rate for all historical SNOTEL data is 
0.58°C/100m. 
4.4. Summary of Results 
 Overall, calculated lapse rates from this analysis are comparable to other studies 
(Martinec and Rango, 1986; WMO, 1986; and Rolland, 2003), which found lapse rates to 
vary between 0.0 and 1.12°C/100m.  For northwestern Montana, the calculated lapse rate 
west of the divide (0.97°C/100m) is very close to the standard dry adiabatic lapse rate of  
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Table 4.3.  Distance (km) between SNOTEL stations. 
SNOTEL 
Station 
Badger 
Pass 
Emery 
Creek 
Flattop 
Mtn. 
Many 
Glacier 
Noisy 
Basin 
Pike 
Creek 
Badger 
Pass X 76 97 89 70 30
Emery 
Creek 76 X 42 46 32 47
Flattop 
Mtn. 97 42 X 14 73 68
Many 
Glacier 89 46 14 X 75 61
Noisy 
Basin 70 32 73 75 X 49
Pike 
Creek 30 47 68 61 49 X 
0.98°C/100m; whereas, the eastern side (0.45°C/100m) is similar to the standard 
saturated adiabatic lapse rate of 0.40°C/100m.  These results can be explained by regional 
weather and topographic interactions: west of the divide is windward and wet, while the 
east is rain-shadowed and dryer.  Anomalous lapse rates are most likely caused by 
SNOTEL readings on opposite sides of the divide and large spatial distances (> 45 km).  
Additionally, the overall average lapse rate for northwestern Montana (0.58°C/100m) is 
comparable to the global mean tropospheric lapse rate of 0.65°C/100m (Hartmann, 
1994).  Therefore, a mean annual temperature lapse rate of 0.58°C/100m will be utilized 
for northwestern Montana.   
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CHAPTER 5: DEGREE-DAY MELT FACTOR 
5.1. Introduction 
 The temperature-index or degree-day method and the energy budget method are 
two major approaches to predict snowmelt.  The energy budget method requires detailed 
meteorological data and is more accurate for predicting short-term (< 24 hours) melt rates 
at a point (Hock, 1999).  Whereas, the degree-day approach requires less meteorological 
data, is more accurate for long-term (> days) and spatially distributed melt predictions 
(Rango and Martinec, 1995).  The temperature-index method was utilized here due to the 
following reasons: (1) temperature is a reasonably good measure of energy flux, (2) air 
temperature is an easy variable to measure and data is widely available, (3) temperature 
can easily be interpolated and forecasted, (4) computational simplicity, (5) the energy 
budget approach is impossible for large-scale basins (10's-100's km2 or more), and (6) the 
degree-day approach has proven to be a powerful tool for modeling melt, often out 
performing energy balance models on a catchment scale (Hock, 2003). 
 The degree-day approach assumes that melt rates are a linear function of the 
average air temperature excess above a base temperature, known as a degree-day 
(DeWalle et al., 2002).  Daily melt rates (cm/°C) are predicted as:   
 Melt Rate = DDF·dd (5.1) 
where DDF is the degree-day melt factor (cm/°C·d) and dd is degree-day (°C).   
 Previous studies (Weiss and Wilson, 1958; Martinec, 1960; WMO, 1964; Gray 
and Male, 1981; Martinec and Rango, 1986; WMO, 1986; Rango and Martinec, 1995; 
and U.S. Army Corps of Engineers, 1998) have determined DDFs from air temperature 
data and snowmelt derived from manual snow course and lysimeter measurements.  They 
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found that (1) melt factors calculated for only one site and one year are insufficient for 
determining basin snowmelt, (2) DDFs vary with meteorological conditions and 
snowpack properties, (2) DDFs are more accurate in forest-covered basins than open 
areas, and (4) DDFs calculated range from 0.1 to 0.8 cm/°C·d (Table 5.1).  
 A more recent study (DeWalle et al., 2002) derived DDFs from SNOTEL SWE, 
precipitation and temperature data in the Upper Rio Grande Basin (south-central 
Colorado).  DeWalle et al. (2002) concluded that (1) SNOTEL data are useful for 
calculating DDFs, (2) DDFs range from 0.29 to 0.59 cm/°C·d, and (3) DDFs varied 
among years due to the timing of melt during the season. 
 Despite the fact that DDFs determined by point sources and over short time scales 
are known to be problematic, it will be investigated here since point data are all that are 
available. The aim of this study is to use historical SWE, precipitation and temperature 
data, provided by SNOTEL stations, to simply constrain DDFs in northwestern Montana.  
SNOTEL data were analyzed for the years 2000-2005. 
5.2. Methods 
 
 The methods employed to compute degree-day melt factors (DDF), for this 
analysis, are similar to those utilized by DeWalle et al. (2002) with a few important 
differences.   
 For this study, data for 2000-2006 from the 6 SNOTEL stations in the study area 
(Table 3.2, Figure 4.1) were analyzed.  DDF were calculated from SNOTEL data as the 
ratio between daily melt and daily degree-days.  Degree-days, dd, were calculated as: 
 bm TTdd −=  (5.2) 
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Table 5.1.  Degree-day factors determined from previous studies. 
Study Comment Degree-Day Factor (DDF) in cm/°C·d 
Entire Snowmelt Season Zing (1951)   0.45
 April June 
Forest 0.185 0.37Weiss and Wilson (1958) Open Area 0.37 0.74
Min Max  
Yoshida (1962)  0.4 0.8
 April May June 
Moderate Forest 
Cover 0.2 0.3 0.4
Partial Forest 
Cover 0.3 0.4 0.6
WMO (1964) 
No Forest Cover 0.4 0.6 0.7
Min Max Anderson 
(1973)  0.132 0.3566
 Min Max 
April 0.17 0.407Gray and Male (1981) May 0.193 0.457
Min Max Martinec and 
Rango (1986)  0.09 0.73
Min Max WMO (1986)  0.03 0.76
March June Rango and 
Martinec 
(1995)  0.1 0.7
Clear, Low 
Albedo 0.31
40% forest 0.34
Cloud Cover 0.18
Fresh Snow 0.22
Heavy Rain, 
Windy 0.83
Light Rain, 
Windy 0.74
Army Corps 
Engineers 
(1998) 
Light Rain, Light 
Wind 0.29
Min Max DeWalle et al. 
(2002)  0.1 0.8
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where Tm is the daily average air temperature (°C, see Section 4.1 for Tm computation) 
and Tb is a base temperature of 0°C for this study.  SNOTEL snow pillow data was used 
to calculate daily melt (cm) by: 
 snowPSWESWEMelt +−= )( 12  (5.3) 
where SWE1 and SWE2 are snow water equivalents (cm) on consecutive days and Psnow is 
daily snowfall (cm).  Equation (5.2) assumes that: (1) daily rainfall completely drains 
from the snowpack, (2) melted snow drains from the snow pillow, (3) and that blowing 
snow and vapor exchange do not significantly change snowpack mass (DeWalle et al., 
2002).  Since precipitation can fall as snow with temperatures above 0°C, snowfall was 
computed by partitioning precipitation based on temperature.  Daily snowfall was 
calculated using daily precipitation and mean daily air temperature collected by SNOTEL 
stations.  Daily snowfall was computed as: 
  (5.4) 
⎩
⎨
⎧
≤<×−
≤
=
cmcmc
m
snow TTCPTTT
CTP
P
o
o
0,]/)[(
0,
where P is daily precipitation (cm), Tm is daily average air temperature (°C), and Tc is 
critical temperature of 2°C, which assumes all precipitation above this temperature is 
rain. 
 Field measurements and the above methodology assumptions can create melt 
calculation errors.  Errors in SWE measurements could be caused by bridging of the 
snowpack and/or ice bridge collapse over the snow pillow.  High winds could create 
errors in precipitation data, though the precipitation gauge is shielded (DeWalle et al., 
2002).  
 The DDFs were calculated from daily melt and degree-day data that met certain 
criteria.  Due to the precision of SNOTEL temperature data (0.1°C), only days with Tm > 
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1°C were used in this analysis.  Additionally, to reduce errors caused by presumed 
incomplete snow-cover, only days with SWE > 2.54 cm were analyzed (DeWalle et al., 
2002).  
 DDFs were computed using daily SWE, precipitation and temperature data from 6 
SNOTEL sites for 2000-2005.  Two DDFs were determined for each station and year: (1) 
accumulation DDF and (2) ablation DDF.  Accumulation DDF computations began when 
SWE was 2.54 cm and ended the day before the occurrence of maximum SWE for the 
season.  Ablation DDF calculations began at maximum SWE accumulation and 
terminated when SWE was 2.54 cm.  The day of maximum SWE varied yearly and by 
site (Table 5.2), however maximum SWE usually occurred between late March and late 
April.  Additionally, determining the occurrence of maximum SWE can be problematic 
(Figure 5.1).  Maximum SWE day was calculated as the earliest occurrence of maximum 
SWE between 1 March and 15 May.  A model written in MATLAB was used to calculate 
DDFs derived by linear regression of melt against daily average temperatures for each 
year and SNOTEL site.   
5.3. Results 
5.3.1. Accumulation Period DDFs 
 Calculated DDFs for the accumulation period vary by SNOTEL station as well as 
annually for each site (Figure 5.2 and 5.3).  Accumulation DDF values, including snow 
accumulation events (negative values), range between -0.85 to 0.37 cm/°C·d and range 
from -0.94 to 0.65 cm/°C·d without snow accumulation events (Table 5.3).  Flattop Mtn. 
for the years 2000 and 2003 has the highest DDFs of 0.65 and 0.37 cm/°C·d.  Many 
Glacier for the year 2002 has the lowest values with -0.85 and -0.94 cm/°C·d.  This  
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 Table 5.2.  Day maximum SWE occurred for individual SNOTEL stations.  Values are expressed in Julian 
Days. 
Year SNOTEL 
Station 2000 2001 2002 2003 2004 2005 
6-Year 
Average
Badger Pass 99 114 129 100 89 112 107
Emery Creek 89 104 89 96 67 92 90
Flattop Mtn. 107 114 129 108 110 106 112
Many Glacier 77 104 93 72 67 93 84
Noisy Basin 107 114 129 103 111 108 112
Pike Creek 98 112 129 97 89 93 103
Annual 
Average 96 110 116 96 89 101 101
 
negative DDF indicates that snow accumulates with every degree Celsius above Tb.  
Average accumulation DDF values with and without snow accumulation events are 0.08 
and 0.00 cm/°C·d, respectively.   
5.3.2. Ablation Period DDFs 
 For the ablation period, calculated DDFs also vary by year and SNOTEL station 
(Figures 5.4 and 5.5).  Ablation DDF values, including snow accumulation events 
(negative melt values), range from 0.08 to 0.51 cm/°C·d and from 0.02 to 0.44 cm/°C·d 
without snow accumulation events (Table 5.4).  Noisy Basin for the year 2002 has the 
highest DDF of 0.44 cm/°C·d excluding snow events, while Badger Pass, 2005, has the 
highest value including snow events of 0.51 cm/°C·d.  Many Glacier for the year 2002 
has the lowest values with 0.08 and 0.02 cm/°C·d.  As previously stated, Many Glacier 
for the year 2002 had the lowest ablation DDFs and lowest R2 values (0.00 and 0.04). 
Thus, the relationship between melt and degree-days for Many Glacier, 2002, is not 
significant.  Average ablation DDF values with and without snow accumulation events 
are 0.31 and 0.28 cm/°C·d.  
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Figure 5.1.   Snow water equivalent (SWE) through time (water day years) for Noisy Basin (A) and Many Glacier (B) SNOTEL stations.  Red diamond 
represents day maximum SWE occurred.  Black and green vertical lines represent January 1st and April 1st. 
 54
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Badger Pass
Accumulation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Emery Creek
Accumulation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Flattop Mtn.
Accumulation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Many Glacier
Accumulation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Noisy Basin
Accumulation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Pike Creek
Accumulation with Snow Events
 
Figure 5.2.  Average annual accumulation degree-day factors with snow events for individual SNOTEL stations during 2000-2005.
 55
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Badger Pass
Accumulation without Snow Events
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Emery Creek
Accumulation without Snow Events
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Flattop Mtn.
Accumulation without Snow Events
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Many Glacier
Accumulation without Snow Events
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Noisy Basin
Accumulation without Snow Events
2000 2001 2002 2003 2004 2005 Overall
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Pike Creek
Accumulation without Snow Events
 
Figure 5.3.  Average annual accumulation degree-day factors without snow events for individual SNOTEL stations during 2000-2005. 
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Table 5.3.  Annual accumulation DDF values for individual SNOTEL stations.  All DDFs are measured in cm/°C·d. 
2000    2001 2002 2003 2004  2005 SNOTEL 
Station n      DDF R2 n DDF R2 n DDF R2 n DDF R2 n DDF R2 n DDF R2
Badger 
Pass 23   0.12 0.20 21 0.13 0.70 32 0.01 0.00 16 0.11 0.05 23 0.09 0.16 38 0.09 0.07
Emery 
Creek 19   0.15 0.10 10 0.10 0.06 7 0.06 0.01 44 0.16 0.17 10 0.22 0.07 42 0.02 0.00
Flattop 
Mtn. 39   0.34 0.09 4 0.11 0.10 28 0.22 0.09 19 0.17 0.06 28 0.08 0.05 22 0.37 0.53
Many 
Glacier    29 0.03 0.03 28 -0.02 0.01 17 -0.85 0.23 40 0.11 0.25 41 0.00 0.00 54 0.14 0.25
Noisy 
Basin    26 0.20 0.15 13 -0.25 0.12 51 -0.01 0.00 19 0.09 0.04 40 0.09 0.11 43 0.08 0.05W
ith
 S
no
w
 E
ve
nt
s 
Pike 
Creek    33 0.05 0.19 12 0.12 0.30 50 0.10 0.10 31 0.11 0.13 31 0.09 0.10 55 0.16 0.21
Badger 
Pass 16   0.09 0.12 18 0.12 0.69 18 -0.01 0.01 8 -0.02 0.25 18 0.05 0.14 23 0.00 0.00
Emery 
Creek 13 -0.02 0.01 6 -0.13 0.42 3 -0.85 0.25 21 0.15 0.40 4 0.23 0.95 31 0.00 0.00
Flattop 
Mtn. 25   0.65 0.20 2 0.00 0.00 18 0.12 0.25 8 -0.08 0.04 22 0.01 0.00 14 0.29 0.51
Many 
Glacier  24 -0.02 0.09 19 -0.02 0.02 8 -0.94 0.30 27 0.08 0.28 33 -0.01 0.02 45 0.13 0.24
Noisy 
Basin    19 0.08 0.19 8 -0.07 0.07 29 -0.04 0.06 11 -0.02 0.01 27 0.02 0.00 27 0.01 0.01W
ith
ou
t S
no
w
 E
ve
nt
s 
Pike 
Creek    27 0.03 0.09 8 0.06 0.15 30 0.03 0.02 18 0.00 0.00 14 0.02 0.01 41 0.08 0.18
 
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Badger Pass
Alblation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Emery Creek
Alblation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Flattop Mtn.
Alblation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Many Glacier
Alblation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Noisy Basin
Alblation with Snow Events
2000 2001 2002 2003 2004 2005 Overall
0
0.1
0.2
0.3
0.4
0.5
Year
D
eg
re
e-
D
ay
 F
ac
to
r 
(c
m
/°
C
•d
)
Pike Creek
Alblation with Snow Events
 
Figure 5.4.  Average annual ablation degree-day factors with snow events for individual SNOTEL stations during 2000-2005.
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Figure 5.5.  Average annual ablation degree-day factors without snow events for individual SNOTEL stations during 2000-2005. 
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Table 5.4.  Annual ablation DDF values for individual SNOTEL stations.  All DDFs are measured in cm/°C·d. 
2000   2001 2002 2003   2004 2005 SNOTEL 
Station n      DDF R2 n DDF R2 n DDF R2 n DDF R2 n DDF R2 n DDF R2
Badger 
Pass 52   0.28 0.48 44 0.30 0.57 55 0.33 0.54 50 0.31 0.71 70 0.29 0.49 48 0.51 0.60
Emery 
Creek 40   0.29 0.57 24 0.17 0.14 39 0.36 0.35 34 0.30 0.56 41 0.37 0.66 23 0.35 0.59
Flattop 
Mtn. 67   0.37 0.30 51 0.27 0.33 62 0.31 0.43 60 0.35 0.59 60 0.26 0.25 60 0.45 0.60
Many 
Glacier    29 0.33 0.45 20 0.36 0.72 56 0.08 0.04 33 0.25 0.30 30 0.28 0.54 7 0.24 0.79
Noisy 
Basin    65 0.35 0.59 50 0.31 0.31 47 0.45 0.76 59 0.38 0.78 60 0.41 0.75 53 0.41 0.66W
ith
 S
no
w
 E
ve
nt
s 
Pike 
Creek    39 0.33 0.75 32 0.14 0.48 40 0.24 0.29 40 0.32 0.72 47 0.28 0.56 35 0.28 0.66
Badger 
Pass 49   0.26 0.45 41 0.25 0.61 51 0.31 0.57 48 0.30 0.70 65 0.27 0.48 43 0.37 0.49
Emery 
Creek 39   0.28 0.54 24 0.17 0.14 37 0.32 0.32 33 0.28 0.53 38 0.34 0.61 21 0.29 0.60
Flattop 
Mtn. 56   0.31 0.31 47 0.20 0.25 58 0.28 0.35 57 0.32 0.56 57 0.24 0.25 54 0.37 0.50
Many 
Glacier    29 0.33 0.45 19 0.34 0.72 51 0.02 0.00 31 0.22 0.26 29 0.27 0.52 7 0.24 0.79
Noisy 
Basin    59 0.32 0.56 47 0.28 0.76 41 0.44 0.77 55 0.36 0.77 54 0.36 0.75 52 0.39 0.65W
ith
ou
t S
no
w
 E
ve
nt
s 
Pike 
Creek    39 0.33 0.75 31 0.12 0.50 38 0.18 0.19 35 0.31 0.70 42 0.23 0.50 33 0.25 0.64
 
5.3.3. Mean Accumulation Period DDFs 
 For the entire six year study period, mean DDFs for the accumulation period vary 
between 0.06 to 0.20 cm/°C·d including accumulation events and from 0.03 to 0.16 
cm/°C·d excluding snow events (Table 5.5, Figures 5.6-5.8 ).  R2 values, including snow 
events, range from 0.02 to 0.14, while R2 values range from 0.03 to 0.09 excluding snow 
events.  Pike Creek station has the highest correlation between melt and degree-days with 
0.14 including snow events, while excluding accumulation events Badger Pass has the 
highest with 0.09.  Many Glacier and Noisy Basin have the lowest correlations including 
and excluding snow events with 0.02 and 0.03.  The average overall accumulation DDF 
values with and without snow events are 0.11 and 0.06 cm/°C·d. 
5.3.4. Mean Ablation Period DDFs 
 Calculated ablation period DDFs for the entire study period range from 0.20 to 
0.39 cm/°C·d including snow events and from 0.17 to 0.36 cm/°C·d excluding 
accumulation events (Table 5.5, Figures 5.8-5.10).  R2 values for the ablation period are 
higher than values for the accumulation period.  R2 values, including snow events, range 
from 0.21 to 0.72, while excluding accumulation events R2 values range from 0.18 to 
0.71.  Many Glacier has the lowest R2 values with and without snow events with 0.21 and 
0.18, while Noisy Basin station has the highest values with 0.72 and 0.71.  The 6- year 
average ablation DDF values with and without snow events are 0.30 and 0.27 cm/°C·d. 
5.3.5. Calculated DDFs with Assorted Time-Steps 
 Studies (Hock, 2003; and Martinec et al., 2005) have shown that DDF accuracies 
decrease with increasing temporal resolution.  However, the DDF is more consistent and 
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Table 5.5.  Mean DDFs for individual SNOTEL stations for 2000-2005.  All DDFs are measured in 
cm/°C·d. 
Mean  SNOTEL Station Sample Size DDF R2
Badger Pass 153 0.09 0.11
Emery Creek 132 0.10 0.04
Flattop Mtn. 140 0.20 0.09
Many Glacier 209 0.08 0.05
Noisy Basin 192 0.09 0.07W
ith
 S
no
w
 
E
ve
nt
s 
Pike Creek 212 0.10 0.14
Badger Pass 101 0.05 0.09
Emery Creek 78 0.06 0.05
Flattop Mtn. 89 0.16 0.07
Many Glacier 156 0.06 0.08
Noisy Basin 121 0.03 0.03
A
cc
um
ul
at
io
n 
Pe
ri
od
 
W
ith
ou
t S
no
w
 
E
ve
nt
s 
Pike Creek 138 0.03 0.05
Badger Pass 319 0.33 0.59
Emery Creek 201 0.28 0.39
Flattop Mtn. 360 0.33 0.44
Many Glacier 175 0.20 0.20
Noisy Basin 334 0.39 0.72W
ith
 S
no
w
 
E
ve
nt
s 
Pike Creek 233 0.27 0.52
Badger Pass 297 0.31 0.60
Emery Creek 192 0.25 0.36
Flattop Mtn. 329 0.29 0.40
Many Glacier 166 0.17 0.17
Noisy Basin 308 0.36 0.71
A
bl
at
io
n 
Pe
ri
od
 
W
ith
ou
t S
no
w
 
E
ve
nt
s 
Pike Creek 218 0.24 0.49
 
representative of the melting conditions if averaged for 3-5 days (Martinec et al., 2005), 
therefore, daily melt and degree-day data were averaged over 3-, 4-, and 5-day time-steps 
for 2000-2005.  Additionally, data was averaged over 8-day time-steps corresponding to 
MODIS 8-day snow-cover products.  Since the ablation period (with and without snow 
events) yielded the best correlations, averaged time-step DDFs were calculated during 
this period for Many Glacier (lowest correlation site, R2 = 0.17-0.20) and Noisy Basin 
(highest correlation site, R2 = 0.71-0.72) SNOTEL stations. 
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Figure 5.6.  Daily melt plotted against degree-days for individual SNOTEL stations during the accumulation period with snow events for the entire study period. 
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Figure 5.7.  Daily melt plotted against degree-days for individual SNOTEL stations during the accumulation period without snow events the entire for study 
period. 
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Figure 5.8.  Average annual degree-day factors for 6 SNOTEL stations in northwestern Montana from 2000-2005. 
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Figure 5.9.  Daily melt plotted against degree-days for individual SNOTEL stations during the ablation period with snow events for the entire study period. 
. 
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Figure 5.10.  Daily melt plotted against degree-days for individual SNOTEL stations during the ablation period without snow events for the entire study period. 
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 Averaged time-step DDFs for Noisy Basin station including and excluding snow 
events range from 0.28 to 0.32 cm/°C·d and 0.28 to 0.31 cm/°C·d, respectively (Table 
5.6, Figures 5.11-5.14).  Correlation values range from 0.61 to 0.66 and 0.61 to 0.64 with 
and without snow events.  The 3-day time-step DDFs including and excluding snow 
events have the highest rates (0.32 and0.31 cm/°C·d) and R2 values (0.66 and 0.64).  
DDFs and correlation values were the lowest for the 8-day time-step with 0.28 cm/°C·d 
and 0.61.  DDFs using a daily time-step (0.36-0.39) are higher than DDFs using averaged 
time-steps (0.28-0.32).  Though the correlation values for Noisy Basin site are high (0.61-
0.66), the correlation values (0.71-0.72) derived from a daily time-step are better (Table 
5.5). 
 Calculated time-step DDFs for Many Glacier station range from 0.15 to 0.27 
cm/°C·d and 0.14 and 0.26 cm/°C·d with and without snow events (Table 5.6, Figures 
5.11-5.14).  R2 values including and excluding snow events range from 0.22 to 0.44 and 
0.20 to 0.48, respectively.  Again, the 3-day time-step DDFs with and without snow 
events have the highest rates (0.27 and 0.26 cm/°C·d) and correlation values (0.44 and 
0.48).  DDFs (0.15 and 0.14 cm/°C·d) and R2 values (0.22 and 0.20) were the lowest for 
the 8-day time-step.  The range of DDFs using a daily time-step (0.17-0.20) is smaller 
than the range of DDFs using averaged time-steps (0.14-0.27).  Correlation values for 
Many Glacier station derived using averaged time-steps (0.20-0.48) are better than the 
DDF correlation values (0.17-0.20) derived using a daily time-step (Table 5.5). 
5.4. Summary of Results 
 Overall, calculated DDFs and correlation values from this analysis are 
comparable to other studies (Martinec and Rango, 1986; WMO, 1986; DeWalle et al., 
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Table 5.6.  DDFs calculated using different time-steps for Many Glacier and Noisy Basin SNOTEL stations from 2000-2005.  All DDFs are measured in 
cm/°C·d. 
3-Day Time-Step 4-Day Time-Step 5-Day Time-Step 8-Day Time-Step  Time Period n  DDF R2 n  DDF R2 n  DDF R2 n  DDF R2
Ablation with 
Snow Events 117 0.32 0.66 91 0.31 0.64 74 0.30 0.62 52 0.28 0.61
N
oi
sy
 
B
as
in
 
Ablation 
without Snow 
Events 
112 0.31 0.64 90 0.31 0.63 72 0.23 0.60 51 0.28 0.61
Ablation with 
Snow Events 63 0.27 0.44 59 0.25 0.35 48 0.24 0.40 28 0.15 0.22
M G
la
ci
er
 
an
y 
 
Albation 
without Snow 
Events 
59 0.26 0.48 53 0.24 0.32 42 0.22 0.34 27 0.14 0.20
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Figure 5.11.  Average melt plotted against degree-days during the accumulation period with snow events for a 3-day time-step (A), 4-day time-step (B), 5-day 
time-step (C), and 8-day time-step (D) for Noisy Basin SNOTEL station.
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Figure 5.12.  Average melt plotted against degree-days during the accumulation period without snow events for a 3-day time-step (A), 4-day time-step (B), 5-day 
time-step (C), and 8-day time-step (D) for Noisy Basin SNOTEL station.
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Figure 5.13.  Average melt plotted against degree-days during the ablation period with snow events for a 3-day time-step (A), 4-day time-step (B), 5-day time-
step (C), and 8-day time-step (D) for Many Glacier SNOTEL station.
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Figure 5.14.  Average melt plotted against degree-days during the ablation period without snow events for a 3-day time-step (A), 4-day time-step (B), 5- day 
time-step (C), and 8-day time-step (D) for Many Glacier SNOTEL station. 
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Table 5.7.  Mean DDFs for individual SNOTEL stations including and excluding the origin for 2000-2005.  
All DDFs are measured in cm/°C·d. 
Including Origin Excluding Origin 
 
SNOTEL Station DDF R2 DDF R2
Badger Pass 0.01 -0.02 0.09 0.11
Emery Creek -0.02 -0.03 0.10 0.04
Flattop Mtn. 0.07 0.04 0.20 0.09
Many Glacier 0.01 0.01 0.08 0.05
Noisy Basin 0.00 -0.02 0.09 0.07W
ith
 S
no
w
 
E
ve
nt
s 
Pike Creek 0.01 -0.14 0.10 0.14
Badger Pass 0.05 0.09 0.05 0.09
Emery Creek 0.08 0.04 0.06 0.05
Flattop Mtn. 0.16 0.07 0.16 0.07
Many Glacier 0.05 0.08 0.06 0.08
Noisy Basin 0.05 0.02 0.03 0.03
A
cc
um
ul
at
io
n 
Pe
ri
od
 
W
ith
ou
t S
no
w
 
E
ve
nt
s 
Pike Creek 0.04 0.05 0.03 0.05
Badger Pass 0.28 0.56 0.33 0.59
Emery Creek 0.25 0.39 0.28 0.39
Flattop Mtn. 0.29 0.43 0.33 0.44
Many Glacier 0.21 0.20 0.20 0.20
Noisy Basin 0.29 0.66 0.39 0.72W
ith
 S
no
w
 
E
ve
nt
s 
Pike Creek 0.25 0.52 0.27 0.52
Badger Pass 0.29 0.60 0.31 0.60
Emery Creek 0.26 0.36 0.25 0.36
Flattop Mtn. 0.31 0.40 0.29 0.40
Many Glacier 0.21 0.15 0.17 0.17
Noisy Basin 0.30 0.69 0.36 0.71
A
bl
at
io
n 
Pe
ri
od
 
W
ith
ou
t S
no
w
 
E
ve
nt
s 
Pike Creek 0.25 0.48 0.24 0.49
 
2002) which found DDFs to vary between 0.1 and 0.8 cm/°C·d and R2 values ranging 
from 0.26 to 0.61.  For northwestern Montana, DDFs calculated with snow accumulation 
events have a better correlation than DDFs calculated without snow events.  This is due 
to the higher number of degree-days without melt (zero values) at the boundary 
conditions, thus effectively acting as outliers.  The correlation between melt and degree-
days is better when regression analysis was not forced through the origin (Table 5.7).  
Additionally, DDFs and R2 values decreased with a decrease in temporal resolution 
(Table 5.6), with melt and degree-day data averaged over 3-days producing the highest 
values, except at Noisy Basin SNOTEL station where the daily time-step produced the 
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best results.  Since DDFs determined from point data and over short time periods do not 
accurately represent a basin (Hock, 1999), and others have shown more realistic DDFs 
(compared to this analysis) at large-scale areas (80-2000 km2) and longer time steps 
(Weiss and Wilson, 1958; Gray and Male, 1981; WMO, 1964; Martinec and Rango, 
1986; WMO, 1986; Rango and Martinec, 1995; U.S. Army Corps of Engineers, 1998; 
and Hock, 2003); for these reasons, DDFs calculated from previous studies appear 
acceptable for applications to northwestern Montana (Table 5.1). 
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CHAPTER 6: MODIS SNOWMELT MODEL 
6.1. Introduction 
 A vital component of predicting runoff from snow-covered regions and assessing 
effects due to climate change is modeling snowmelt.  Snowmelt models fall into two 
categories generally: (1) energy balance models and (2) temperature-index or degree-day 
models.  Energy balance models determine snowmelt as the residual in the heat balance 
equation; whereas, temperature-index models assume an empirical relationship between 
air temperatures and melt rates (Hock, 2003).  The energy budget method requires 
detailed meteorological data and is more accurate for predicting short-term (< 24 hours) 
melt rates at a point (Hock, 1999).  The degree-day approach is typically used when 
detailed meteorological data is not available and is more accurate for long-term (> days) 
and spatially distributed melt predictions than the energy budget method (Rango and 
Martinec, 1995).  Though the above models have proven successful, processes explaining 
snowmelt timing and magnitude are not well understood and are accommodated for 
several tuning coefficients with mixed success.   
 The snowmelt model developed here is referred to as the MODIS Snowmelt 
Model (MSM).  The MSM model employs a temperature-index approach and provides 
seamless integration of raw MODIS snow-cover products and model output.  MSM 
model produces estimates of snowmelt volume from remote sensing and temperature 
data.  The MSM model is written in MATLAB code and can be used for any basin and 
year as long as input data is available.  Additionally, the user defines input parameters 
that are characteristic of the basin under investigation.   
 76
 The goal of this analysis is to use parameters derived from previous chapters to 
produce snowmelt volume estimates for the two study basins located in northwestern 
Montana (see Chapter 1).  Volume estimates will be computed for each study year and 
using different input values. 
6.2. Methods 
 The MSM model first requires that a temperature lapse rate (see Chapter 4) and a 
DDF (see Chapter 5) are specified for the basin.  The user then inputs the basin's 
minimum and maximum elevation determined from a DEM of the basin.  The user then 
selects an interval value, which delineates the basin into elevation zones.  Average daily 
temperatures from a SNOTEL station are subsequently input into the MSM model and 
daily temperature values are extrapolated for each elevation zone based on the 
temperature lapse rate.  The MSM model then calculates degree-days (dd) using Equation 
5.2.  Daily melt is determined for each elevation zone by multiplying dd by the DDF (see 
Equation 5.1).   
 MODIS 8-day snow-cover products (see Chapter 3) are then feed into the model 
and snow-covered area (SCA) for each elevation zone is determined.  MSM model only 
computes SCA for products that are less than 10% cloud covered (see Chapter 3).  The 
model then computes daily SCA (m2) by partitioning MODIS 8-day snow-cover 
products.  Daily melt (m) is subsequently multiplied by daily SCA (m2) to compute daily 
snowmelt volume estimates (m3/d). 
 For comparison purposes, the MSM model then inputs hydrological data and 
computes daily discharge for the gauge station (m3/d).  Daily snowmelt volume estimates 
 77
and daily discharge measurements are totaled for each elevation zone and for the spring 
snowmelt pulse (see Chapter 2). 
 MSM model was used to determine snowmelt volume estimates for St. Mary 
Basin and Middle Fork Flathead Basin (Figure 1.2).  The vegetation for both basins 
changes with elevation.  Forests of spruce and fir trees, aspen, and various shrubs cover 
the basin at lower elevations.  Higher elevations, the vegetation grades into alpine tundra 
(USGS, 1995).  Since both basins are moderately forested and DDFs determined from 
SNOTEL stations (see Chapter 5) do not improve upon values computed from previous 
studies, DDFs from preceding investigations (Table 5.1) were utilized.  The lowest DDF 
calculated for forest cover was 0.185 cm/°C·d by Weiss and Wilson (1958).  Therefore, a 
minimum DDF of 0.1 cm/°C·d was chosen.  Additionally, the highest DDF recorded for 
moderately forested regions was 0.4 cm/°C·d by the WMO (1964).  Due to the fact that 
this value was recorded for the month of June (not the whole melt season) and that 0.4 
cm/°C·d was calculated as the minimum value for open areas (e.g. WMO, 1964; and 
Weiss and Wilson 1958), it was chosen as the maximum DDF for the two study basins.  
Thus, for each basin two MSM model simulations were tested: (1) using a low DDF of 
0.1 cm/°C·d, and (2) using a high DDF of 0.4 cm/°C·d (Table 6.1). 
6.3. Results 
6.3.1. Snow-Covered Area Curves (SCA) 
 SCA curves were computed for each study basin and year from MODIS snow-
cover products.  SCA curves differ between St. Mary and Middle Fork Flathead Basins 
and vary between study years (Figures 6.1 and 6.2).  Sharp increasing spikes in the SCA 
curves correspond to snow accumulation; whereas, sharp decreasing spikes correspond to 
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Table 6.1.  Model parameter values for St. Mary and Middle Fork Flathead Basins. 
Temperature DDF (cm/°C·d) Elevation (m) Station Data Basin 
Name Lapse Rate (°C/100m) 
Base 
(°C) Ablation   Accumulation Min Max
Zone 
Interval SNOTEL 
Stream 
Gauge 
St. Mary 
0.45    0 0 0.1 1400 3000 100
Many 
Glacier SwiftcurrentL
ow
 D
D
F 
Middle Fork 
Flathead  0.97 0 0 0.1 900 3100 100
Emery 
Creek 
Middle Fork 
Flathead 
Temperature DDF (cm/°C·d) Elevation (m) Station Data Basin 
Name Lapse Rate (°C/100m) 
Base 
(°C) Ablation   Accumulation Min Max
Zone 
Interval SNOTEL 
Stream 
Gauge 
St. Mary 
0.45    0 0 0.4 1400 3000 100
Many 
Glacier Swiftcurrent
H
ig
h 
D
D
F 
Middle Fork 
Flathead  0.97 0 0 0.4 900 3100 100
Emery 
Creek 
Middle Fork 
Flathead 
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 Figure 6.1.  Annual snow-covered area curves (SCA) for St. Mary Basin. 
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 Figure 6.2.  Annual snow-covered area curves (SCA) for Middle Fork Flathead Basin.
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melt events.  For Middle Fork Flathead Basins SCA never reached 0% for all study years.  
Hence, there is always an area covered by snow in the basin.  Reasons for this might be 
due to: (1) snow-cover present at high elevations throughout the basin, (2) MODIS 
mapping small glaciers (~ 1 km2), (3) MODIS misclassified cloud cover as snow, or (4) 
an artifact of the linear interpolation applied to snow-cover products.  This will be 
discussed further in the following Chapter. 
6.3.2. Snowmelt Volume Estimates 
6.3.2.1. Low DDF Estimates 
 Snowmelt volume estimates for St. Mary Basin range from 1.58-3.04 x 107 m3 
and range from 1.56-3.74 x 108 m3 (Table 6.2).  The highest snowmelt volume estimates 
occurred in 2002 for both basins with 3.04 x 107 m3 for St. Mary Basin and Middle Fork 
Flathead Basin with an estimate of 3.74 x 108 m3.  For both basins the lowest volume 
estimates occurred during 2005 with 1.58 x 107 m3 for St. Mary Basin and 1.56 x 108 m3 
for Middle Fork Flathead Basin.  Average snowmelt volume estimates calculated using a 
degree-day factor of 0.1 cm/°C·d for St. Mary and Middle Fork Flathead Basins are 2.07 
x 107 m3 and 2.68 x 108 m3, respectively.   
6.3.2.2. High DDF Estimates 
 
 Estimates of snowmelt volume for the high DDF simulation vary for each study 
year and basin (Table 6.3).  Volume estimates range from 6.33-12.20 x 107 m3 for St. 
Mary Basin and range from 0.63-1.50 x 109 m3 for Middle Fork Flathead Basin.  The 
highest snowmelt volume estimates for both basins occurred during 2002 with estimates 
of 12.20 x 107 m3 for St. Mary Basin and 1.50 x 109 m3 for Middle Fork Flathead Basin.   
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Table 6.2.  Annual estimates of snowmelt volume derived from the low DDF simulation for St. Mary and 
Middle Fork Flathead Basins. 
Volume (m3)  Year 
Snowmelt Hydrograph 
2000 2.30 x 107 8.20 x 107
2001 1.99 x 107 5.95 x 107
2002 3.04 x 107 10.70 x 107
2003 1.83 x 107 8.08 x 107
2004 1.69 x 107 7.92 x 107S
t. 
M
ar
y 
 
2005 1.58 x 107 6.16 x 107
2000 2.61 x 108 1.64 x 109
2001 3.01 x 108 1.13 x 109
2002 3.74 x 108 2.47 x 109
2003 2.99 x 108 1.60 x 109
2004 2.14 x 108 1.59 x 109M
. F
or
k 
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at
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ad
  
2005 1.56 x 108 1.19 x 109
 
For both St. Mary and Middle Fork Flathead Basins the lowest volume estimates 
occurred in 2005 with values of 6.33 x 107 m3 and 0.63 x 109 m3.  Average snowmelt 
volume estimates calculated using a degree-day factor of 0.1 cm/°C·d for St. Mary and 
Middle Fork Flathead Basins are 8.30 x 107 m3 and 1.07 x 109 m3, respectively.   
6.3.3. Summary of Results 
 Overall, snowmelt volume estimates produced from the MSM model are of the 
same order of magnitude for St. Mary Basin (107 m3) and only range by 1 order of 
magnitude for Middle Fork Flathead Basin (108-109 m3).  Additionally, the snowmelt 
volume estimates are of the same order of magnitude as the measured hydrological data, 
except the low DDF simulation for Middle Fork Flathead Basin where volume estimates 
are slightly lower than the measured hydrological data.   
 The low DDF simulation computes snowmelt volume estimates that are less than 
discharge measurements for St. Mary and Middle Fork Flathead Basins.  The high DDF 
simulation produces higher snowmelt volume estimates than low DDF simulation.  For a  
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Table 6.3.  Annual estimates of snowmelt volume derived from the high DDF simulation for St. Mary and 
Middle Fork Flathead Basins 
Volume (m3)  Year 
Snowmelt Hydrograph 
2000 9.19 x 107 8.20 x 107
2001 7.98 x 107 5.95 x 107
2002 12.20 x 107 10.70 x 107
2003 7.31 x 107 8.08 x 107
2004 6.77 x 107 7.92 x 107S
t. 
M
ar
y 
 
2005 6.33 x 107 6.16 x 107
2000 1.05 x 109 1.64 x 109
2001 1.20 x 109 1.13 x 109
2002 1.50 x 109 2.47 x 109
2003 1.20 x 109 1.60 x 109
2004 0.86 x 109 1.59 x 109M
. F
or
k 
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ad
  
2005 0.63 x 109 1.19 x 109
  
few study years, snowmelt volumes are greater than discharge volumes in both 
watersheds.  Hence, some of the water produced from snowmelt appears absent (e.g. 
storage, evapotranspired).  Additionally, snowmelt volumes computed from the high 
DDF simulation produce slightly higher estimates for St. Mary Basin than Middle Fork 
Flathead Basin.  Snowmelt estimates will be discussed further in conjunction with 
additional values obtained from first-order approximations (see Chapter 2) in the 
following chapter.  In addition, MSM model performance and sensitivity will be 
addressed in Chapter 7. 
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CHAPTER 7: DISCUSSION 
7.1. MODIS Snow-cover Products 
 MODIS 8-day snow-cover products appear to be sufficient for some aspects of 
mapping snow in northwestern Montana.  The main limitation of this MODIS product is 
cloud cover.  Approximately, 33% and 35% of the MODIS 8-day products were 
discarded to due cloud cover for St. Mary and Middle Fork Flathead Basins.  There does 
not appear to be a trend in the timing or interval of images obscured by clouds (i.e. every 
3 days), however in the most extreme case clouds obscured 4 consecutive 8-day images 
(32 days), failing to map the month of June, in 2001.  Since MODIS 8-day products fail 
to map an entire month, the use of daily products do not seem reasonable for long-term or 
continuous mapping SCA for the snowmelt season.  Additionally, cloud cover is common 
during late winter to early spring and during the fall months. 
7.2. MODIS Snow Detection Limitations 
 Snow-covered area curves (SCA) were computed for each study basin and year 
from MODIS products (see Chapter 6).  SCA curves vary between St. Mary and Middle 
Fork Flathead Basins and vary between study years (Figures 6.1 and 6.2).  Typical SCA 
curves are U-shaped with higher percentages of SCA during the winter to early spring 
months (January – April) and late fall to early winter months (October – December).  
During the summer months (late June – August) SCA percentages are presumably zero. 
 Further investigation of the Middle Fork Flathead SCA curves (Figure 6.2) 
illustrates that the SCA percentages never reach 0%.  Hence, there is always an area 
covered by snow (even during the summer) in the Middle Fork Flathead Basin.  This is 
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due to MODIS snow-cover products mapping 3 alpine glaciers (e.g. Harrison, Pumpelly, 
and Sperry) located in the basin.  The glaciers are small in area ranging from 0.87 to 1.06 
km2.  However, MODIS never consistently maps the glaciers in each image.  For 
example, MODIS mapped all glaciers in the early summer; whereas MODIS only 
mapped Harrison or Sperry Glacier during late summer.  MODIS products have a spatial 
resolution of 500 m, therefore individual glaciers represent 1 to 4 pixels.  Additionally, 
small increases in SCA during the summer months (see day 200 of the 2001 SCA curve 
for Middle Fork Flathead Basin – Figure 6.2) are due to snow accumulation at higher 
elevations for Middle Fork Flathead Basin. 
 During the summer months SCA percentages for St. Mary Basin do reach 0%.  
Hence, MODIS determined land was snow-free (see 2001 SCA curve for St. Mary Basin 
– Figure 6.1).  SCA curves for St. Mary Basin also illustrate small increases in snow-
cover percentages during the summer months.  Further investigation indicates that these 
occurrences are due to: (1) snow accumulation events at high elevation zones, (2) 
MODIS occasionally mapping a small (0.88 km2) alpine glacier in the basin, and (3) 
MODIS misclassifying lakes as snow. 
7.3. MODIS Snowmelt Model Sensitivities 
7.3.1. Temperature Lapse Rates 
 The MSM model was run for both basins varying temperature lapse rates and 
leaving all other parameters the same (Table 7.1).  The MSM model was run using 3 
different lapse rates: (1) a lapse rate of 0.45°C/100m, determined for a higher alpine basin 
(St. Mary Basin), which more closely follows the wet adiabatic lapse rate; (2) a lapse rate 
of 0.97°C/100m, determined for a lower basin (Middle Fork Flathead Basin), which more 
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Table 7.1.  Model parameter values for St. Mary and Middle Fork Flathead Basins using three 
temperature lapse rates. 
Temperature DDF (cm/°C·d) Elevation (m) Basin 
Name Lapse Rate (°C/100m) 
Base
(°C) Ablation Accumulation Min Max 
Zone 
Interval 
St. Mary 0.45, 0.65, 
0.97 0 0 0.4 1400 3000 100
Middle 
Fork 
Flathead 
0.45, 0.65, 
0.97 0 0 0.4 900 3100 100
 
closely follows the dry adiabatic lapse rate; and (3) the average global lapse rate of 
0.65°C/100m.  Higher temperature lapse rates produced less snowmelt volume estimates 
for both basins (Table 7.2).  This result is expected since higher temperature lapse rates 
produce lower temperatures more rapidly than lower lapse rates.  Hence, lower degree-
days are calculated for higher lapse rates and thus producing less melt.  For St. Mary 
Basin the snowmelt volume estimates decreased by an average of 16.1% when the 
temperature lapse rate is increased by 0.2°C/100m, 30.1% with a lapse rate increase of 
0.32°C/100m, and decreased by 41.3% with a lapse rate increase of 0.52°C/100m.  
Snowmelt volume estimates decreased by an average of 21.0% when the temperature 
lapse rate is increased by 0.2°C/100m, 36.0% with a lapse rate increase of 0.32°C/100m, 
and decreased by 49.3% with a lapse rate increase of 0.52°C/100m (Table 7.3).  
Therefore, the MSM modeling of the study basins is sensitive to temperature lapse rates.  
These basins may be more sensitive to lapse rate issues than most due to their very high 
relief and large area well above the temperature base stations. 
7.3.2. Degree-Day Factors 
 MSM model computed snowmelt volume estimates using a low (0.1cm/°C) and 
high (0.4cm/°C) DDF for St. Mary and Middle Fork Flathead Basin (see Chapter 6).  
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Table 7.2.  Snowmelt volume estimates calculated using different temperature lapse rates. 
Temperature Lapse Rate Utilized (°C/100m)  Year 0.45 0.65 0.97 
2000 9.19 x 107 7.60 x 107 5.20 x 107
2001 7.98 x 107 6.79 x 107 4.99 x 107
2002 12.20 x 107 10.40 x 107 7.76 x 107
2003 7.31 x 107 6.33 x 107 4.58 x 107
2004 6.77 x 107 5.43 x 107 3.36 x 107S
t. 
M
ar
y 
2005 6.33 x 107 5.29 x 107 3.62 x 107
2000 2.12 x 109 1.66 x 109 1.05 x 109
2001 2.20 x 109 1.72 x 109 1.20 x 109
2002 2.55 x 109 2.12 x 109 1.50 x 109
2003 2.32 x 109 1.85 x 109 1.20 x 109
2004 2.12 x 109 1.58 x 109 0.86 x 109M
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2005 1.27 x 109 1.02 x 109 0.63 x 109
 
Since all other parameters were unchanged, these results illustrate the model's sensitivity 
to DDFs.  Snowmelt volume estimates increased with an increase in DDF (Table 7.4) for 
both basins.  Additionally, the volumes of snowmelt using the high DDF are 4 times 
larger than the volume estimates using the low DDF.  Therefore, the amount of snowmelt 
produced is highly dependent on the value of the DDF. 
7.3.3. MODIS Snowmelt Model Advantages 
 The main advantage for using the MSM model is the frequent updates and 
calibrations around the basin to real world measurements (i.e. SCA).  The real world 
observations are derived from area based information, not point source data.  
Additionally, this method does not require in situ SWE measurements to compute 
estimates of snowmelt volume, which is beneficial since SWE data is rarely available.  
For example, the MSM model can be applied to any size basin and year as long as remote 
sensing and temperature data is available.  Though, regional quality assessment of 
MODIS snow-cover products must first be determined.  The model allows the user to 
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Table 7.3.  Percent change in snowmelt volume estimates with 0.2, 0.32. 0.52°C/100m increase in 
temperature lapse rates for St. Mary and Middle Fork Flathead Basins. 
Change in Temperature Lapse Rate (°C/100m)  Year 0.2 0.32 0.52 
2000 17.3% 31.6% 43.4%
2001 14.9% 26.5% 37.5%
2002 14.8% 25.4% 36.4%
2003 13.4% 27.6% 37.4%
2004 19.8% 38.1% 50.4%S
t. 
M
ar
y 
2005 16.4% 31.6% 42.8%
2000 21.7% 36.7% 50.5%
2001 21.8% 30.2% 45.5%
2002 16.9% 29.2% 41.2%
2003 20.3% 35.1% 48.3%
2004 25.5% 45.8% 59.6%M
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2005 19.7% 38.7% 50.8%
 
easily change input parameters (e.g. temperature lapse rate and degree-day factor) and 
subdivide the basin into infinite elevation zones. 
7.3.4. MODIS Snowmelt Model Disadvantages 
 The MSM model, like all snowmelt runoff models, has many shortcomings.  First 
there are problems associated with satellite imagery.  The model will not work in areas 
where remote sensing and temperature data are not available and areas consistently 
covered by clouds.  Additionally, MODIS has a pixel area of ~500 m2; however the land 
surface area would only be ~500 m2 if the land was completely flat.  Since northwestern 
Montana has high relief, MODIS always underestimates land surface area.  Hence, 
MODIS underestimates SCA.  For example, SCA would be 9-13% more than the pixel 
represents if topography had a slope of 25-30°.  In addition, MODIS has a resolution of 
500 m2 and only maps snow if the pixel is 50% or greater covered by snow.  Therefore, 
relatively large areas of snow-cover (up to ~250 m2) would not by mapped by MODIS.  
Furthermore, the MSM model does not estimate the snow depths over the basin, it only 
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Table 7.4.  Snowmelt volume estimates derived using a low DDF and a high DDF for St. Mary and 
Middle Fork Flathead Basins. 
DDF  Year 0.1 0.4 
2000 2.30 x 107 9.19 x 107
2001 1.99 x 107 7.98 x 107
2002 3.04 x 107 12.20 x 107
2003 1.83 x 107 7.31 x 107
2004 1.69 x 107 6.77 x 107S
t. 
M
ar
y 
2005 1.58 x 107 6.33 x 107
2000 2.61 x 108 1.05 x 109
2001 3.01 x 108 1.20 x 109
2002 3.74 x 108 1.50 x 109
2003 2.99 x 108 1.20 x 109
2004 2.14 x 108 0.86 x 109M
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2005 1.56 x 108 0.63 x 109
 
estimates area covered by snow.  Since MSM model employs the temperature-index 
method to produce snowmelt, the model may produce more melt than there is available 
snow.  This effect occurs along the edges of a snowpack and late in the melt season 
where degree-days are high and snow depth is small.  However, this effect may be 
somewhat compensated for by MODIS only mapping snow if the pixel is 50% or higher 
covered by snow and that MODIS fails to map snow when depths are less than 3.5 cm. 
 Second, there are difficulties associated with temperature lapse rate issues.  The 
MSM model is sensitive to the value of the temperature lapse rate, which assumes 
temperature increases with an increase in elevation.  This assumption is likely violated 
due to slope, aspect, and radiation effects on temperature values.  It is presumed that daily 
temperature measurements represent or imitate some of these effects.  However, the 
MSM model extrapolates temperature from one point based on a linear relationship, thus 
does not account for slope, aspect, and radiation effects that differ from the point source.  
Horizontal temperature gradients are also likely to have an effect on temperature values. 
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 Finally, there are problematic issues associated with the degree-day factor (DDF).  
The MSM model is highly sensitive to the value of the DDF.  Some studies (Rango and 
Martinec, 1995; and Hock, 2003) have shown that the DDF is low in the beginning of the 
snowmelt season and increases with time.  Hence, the DDF value is not constant 
throughout the snowmelt season.  Since the MSM model only uses one DDF for the 
entire snowmelt season, amounts of snowmelt are underestimated during late spring to 
early summer if a low DDF is used; whereas, if a higher DDF is used, the model 
overestimates snowmelt during early spring and early fall. 
7.4. Snowmelt Contributing to Discharge 
7.4.1. Uncertainties and Snowmelt Volume Estimates 
 Snowmelt volume estimates were calculated by 3 different approaches: (1) SWE 
lapse rates, (2) SWE scaling factors, and (3) the MSM model for each study year and 
basin.  Furthermore, two simulations were employed for both the SWE scaling factor 
method (averaged and annual PRISM data) and the MSM model approach (low and high 
DDFs).  The snowmelt volume estimates determined from SWE lapse rates are 
considered to be the least realistic due to the fact that SWE does not increase linearly 
with elevation and topographic and orographic effects are significant.  Additionally, 
snowmelt volume estimates determined from averaged SWE scaling factors are not 
realistic because snow-cover varies greatly from year to year and this method uses 
normalized precipitation estimates based on data from 1961-1990.  The MSM model low 
DDF approach uses a conservative DDF, which based on literature is likely an 
unreasonably low value for either basin.  Therefore, snowmelt volume estimates 
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calculated by annual SWE scaling factors and the MSM model high DDF seem to be the 
most reasonable estimates of snowmelt volume. 
 Snowmelt volume estimates computed by the MSM model were compared to 
volume estimates calculated by SWE scaling factors using annual PRISM precipitation 
data and SNOTEL SWE measurements (an independent test).  Snowmelt volume 
estimates were computed for 6 years and were within 61 to 85% of one another for St. 
Mary Basin and within 9 to 44% for Middle Fork Flathead Basin.  The higher 
discrepancy between the snowmelt volume estimates for St. Mary Basin is most likely 
due to the spatial resolution (4 km2) of PRISM data, where only 6 pixels represent the 
high relief of St. Mary Basin.  The most likely reason there is a large discrepancy 
between the two methods is that due to the resolution of PRISM precipitation data (4 
km2), St. Mary Basin is only represented by 6 pixels.  Thus, PRISM is averaging 
snowmelt estimates over larger areas than the MSM model (~500 m2).   
 The error associated with the MSM model volume estimates cannot be directly 
determined.  However, snowmelt volumes determined for 6 years by two independent 
methods at best come within 9% of one another.  We can reject the independent check on 
St. Mary due to the 6-pixel problem.  For Middle Fork Flathead Basin, two independent 
methods give results within 9 to 44% of each other.  Unfortunately, we cannot use this 
check to determine error bounds because they both could be wrong.  However, these 
results give a feel for the 'probable' error.  Therefore, the snowmelt estimates determined 
from the MSM model high DDF method will be subsequently analyzed.  Additionally, it 
is important to realize that there is error associated with the hydrograph data as well.  The 
error associated with an individual discharge measurement is + 10%.     
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7.4.2. Precipitation, Snowmelt, and Discharge Partitioning 
 In order to better constrain the amount of snowmelt contributing to discharge, 
precipitation volumes were approximated.  The amount of precipitation falling during the 
snowmelt period was determined from monthly PRISM precipitation data calculated on 
an annual basis.  Precipitation falling during the snowmelt season was determined by 
using the same start and end dates for the spring snowmelt pulse discharge curve (see 
Chapter 2 and Table 2.2.).  Since precipitation data are monthly totals and the start and 
end of the snowmelt season is not necessarily on the first of the month, weighing 
coefficients were applied to account for precipitation falling for only portion of a month 
(Table 7.5).  This assumes a linear distribution of monthly total precipitation to each day 
of the month.   
 Snowmelt, precipitation, and discharge volume estimates were divided by basin 
area into basin average measurements, in order to easily compare the three estimates.  
Due to more confidence, only snowmelt volume estimates from the MSM model high 
DDF method were analyzed. 
 Precipitation basin averages for St. Mary Basin are less than snowmelt and 
discharge basin averages, except for 2003 (Figure 7.1).  Snowmelt basin averages are less 
than discharge basin averages during 2003 and 2004.  For the Middle Fork Flathead 
Basin precipitation rates are less than discharge basin averages, except for 2005 (Figure 
7.2).  Snowmelt basin averages are less than discharge basin averages for the Middle 
Fork Flathead Basin, except for 2001.  Though there are large uncertainties in snowmelt 
and precipitation averages and discharge has a 10% error, precipitation and snowmelt 
basin averages were combined to provide insight for the total amount water missing due 
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Table 7.5.  Annual PRISM precipitation weighing coefficients. 
Month  Year March April May June July August
2000 0.25 1 1 1 1 0.5
2001 0 0.5 1 1 1 0.75
2002 0 0.5 1 1 1 0.25
2003 0.5 1 1 1 1 0.5
2004 0.75 1 1 1 1 0.25S
t. 
M
ar
y 
2005 0 0.75 1 1 1 0
2000 0.25 1 1 1 1 1
2001 0.25 1 1 1 1 1
2002 0 1 1 1 1 1
2003 0.25 1 1 1 1 1
2004 0.25 1 1 1 1 0.75M
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2005 0.25 1 1 1 1 1
 
to groundwater and soil storage, direct evaporation, and evapotranspiration.  The 
estimated snowmelt-precipitation combinations are greater than the discharge basin 
averages for both St. Mary and Middle Fork Flathead Basins and all study years (Table 
7.6).  Neglecting errors, these estimates imply that 30-60% goes missing for St. Mary 
Basin and 25-65% goes missing for the Middle Fork Flathead Basin.  Average missing 
water percentages for St. Mary and Middle Fork Flathead Basins are 42.9% and 39.8%, 
respectively.  The estimated percentages of missing water do not appear to show a trend.  
However, St. Mary Basin (81 km2) has more snowmelt missing than the Middle Fork 
Flathead Basin (2903 km2), which is counterintuitive. 
 Water storage in lakes is one possible reason that more snowmelt and/or 
precipitation goes missing in St. Mary Basin than in the Middle Fork Flathead Basin.  
There are several lakes located within St. Mary and Middle Fork Flathead Basin.  Though 
larger lakes are found in the Middle Fork Flathead Basin, lakes account for a greater 
percentage of area in St. Mary Basin (3.5%) than in the Middle Fork Flathead Basin 
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Figure 7.1.  Annual snowmelt, precipitation, and discharge basin averages (m) for St. Mary Basin.
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Figure 7.2.  Annual snowmelt, precipitation, and discharge basin averages (m) for Middle Fork Flathead Basin.
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Table 7.6.  Annual snowmelt, precipitation, and discharge lengths for St. Mary and Middle Fork Flathead 
Basins.   
Lengths (m)  Year Snowmelt Precipitation Discharge Combination* 
Missing 
(%)** 
2000 1.10 0.73 1.01 1.83 44.8
2001 0.95 0.44 0.73 1.39 47.5
2002 1.46 0.81 1.32 2.27 41.9
2003 0.87 1.45 1.00 2.32 56.9
2004 0.81 0.54 0.98 1.35 27.4S
t. 
M
ar
y 
2005 0.76 0.49 0.76 1.25 39.2
2000 0.36 0.59 0.56 0.95 41.1
2001 0.41 0.38 0.39 0.79 50.6
2002 0.51 0.87 0.85 1.38 38.4
2003 0.41 1.17 0.55 1.58 65.2
2004 0.29 0.41 0.55 0.70 21.4M
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2005 0.21 0.66 0.41 0.87 52.9
*Combination = snowmelt + precipitation. 
**Missing (%) = (combination – discharge)/combination. 
 
(1.1%).  If lake levels increased by 2 to 5 m during the snowmelt runoff season, lakes in 
St. Mary Basin could accommodate 0.07-0.17 m of basin average snowmelt; whereas 
lakes in Middle Fork Flathead basin could only accommodate for 0.02-0.06 m of basin 
average snowmelt.  
 Second, water could go missing due to the fact that snowmelt can go exit the 
basin via groundwater flux.  Hence, not be measured by the surface discharge gauge.  
This process probably occurs in both basins; however, the cross-sectional area where 
groundwater flux exits the basin is a larger percent of the basin area for St. Mary Basin 
than the Middle Fork Flathead Basin.  Thus, more snowmelt could go missing for St. 
Mary Basin via groundwater flux. 
 Thirdly, precipitation was determined by totaling annual PRISM data for the 
entire snowmelt season.  Any precipitation falling as snow is being accounted for in the 
snowmelt volume estimates.  For instance, precipitation falling as snow contributes to the 
basin's SCA, melt is subsequently computed for this SCA and estimates snowmelt 
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volumes.  Hence, the MSM model and precipitation model both account for water if it 
fell as snow.  This problem is likely greatest in St. Mary Basin due to higher elevations. 
 Each of the above three reasons, alone, does not account for all the missing 
snowmelt.  More likely it is a combination of lake storage, groundwater storage, and 
accounting for snowmelt twice that accounts for the missing snowmelt. 
 Previous studies (Cayan, 1996 and Serreze et al., 1999) have concluded that 75% 
of the annual stream discharge is due to the melting of mountain snowpack in the western 
United States.  Assuming that this estimate is accurate and representative of northwestern 
Montana, new snowmelt basin averages, referred to as Q-75 averages, were computed by 
multiplying total discharge basin averages by 75% (Table 7.7).  For St. Mary Basin 9-
42% of the snowmelt is estimated missing, whereas snowmelt is only estimated missing 
during 2001, with 29%, for the Middle Fork Flathead Basin.  On average 25% of 
snowmelt goes missing for St. Mary Basin and snowmelt only accounts for 83% of Q-75 
for Middle Fork Flathead Basin.  Again, more snowmelt has been estimated missing for 
St. Mary Basin than the Middle Fork Flathead Basin.  
7.5. Timing of Snowmelt 
7.5.1. Event Time Lags 
 The amount of time, or time lag, it takes water from snowmelt to travel to the 
river gauge has not been well established for snowmelt-dominated basins in northwestern 
Montana.  Therefore, comparison of daily snowmelt volume estimates from the MSM 
model were compared to stream gauge data in an attempt to elucidate lag times for St. 
Mary and Middle Fork Flathead Basins. 
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Table 7.7.  Annual snowmelt, precipitation, and discharge lengths for St. Mary and Middle Fork 
Flathead Basins.   
Lengths (m)  Year Snowmelt Q-75* Missing (%)** 
2000 1.10 0.76 30.9
2001 0.95 0.55 42.1
2002 1.46 0.99 32.2
2003 0.87 0.75 13.8
2004 0.81 0.74 8.6S
t. 
M
ar
y 
2005 0.76 0.57 25.0
2000 0.36 0.42 -16.7
2001 0.41 0.29 29.3
2002 0.51 0.64 -25.5
2003 0.41 0.41 0.0
2004 0.29 0.41 -41.4M
id
dl
e 
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2005 0.21 0.31 -47.6
*Q-75  = 75% of total discharge. 
**Missing (%) = (snowmelt – discharge 75)/snowmelt. 
 
Time lags were estimated by visually 'matching' 5 snowmelt peaks and 5 snowmelt 
troughs with corresponding peaks and troughs in the runoff curve.  Lag times were 
calculated in this way for each study year and basin.  Results indicate that time lags 
computed for valleys seem to be slightly higher (~ 1 day) than time lags for peaks.  In 
addition, time lags range from 0.5 to 3.7 days for St. Mary Basin and range from 0.5 to 
4.0 days for Middle Fork Flathead Basin.  Average time lags determined for St. Mary and 
Middle Fork Flathead Basin are 1.6 and 1.7 days, respectively.  Time lags estimated here 
are higher than time lags (6-24 hours) commonly used in snowmelt runoff models; 
however, in mountain catchment areas runoff from the melt that occurs on a particular 
day is ordinarily spread over a long period with a runoff recession coefficient (also a lag) 
and overlaps with melting increments of other days (WMO, 1994).   
 Presumably, time lags should be longer for the Middle Fork Flathead Basin since 
the basin is larger than St. Mary Basin and snowmelt must travel longer distances.  
Results indicate that this is not the case since time lags determined for both basins are 
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similar.  However, selected discharge peaks could represent melt from a small, nearby, 
high elevation sub-basin (Lake McDonald Basin) and the bulk of the Middle Fork 
Flathead discharge comes much later and is highly buffered (i.e. no more peaks). 
 Additionally, this method is problematic because the temporal resolution of the 
discharge is daily, yet the snowmelt runoff is based on daily temperature measurements 
and 8-day snow-covered area observations.  The 'spikiness' of the snowmelt volume 
estimates is probably due to temperature and therefore likely real, but off in magnitude 
(Figure 7.3). 
7.5.2. Snowmelt vs. Spring Discharge Pulse 
 Timing of the initial pulse of snowmelt and the spring pulse in the discharge curve 
were analyzed for each study year and basin.  This comparison is subjective since onset 
timing was visually selected from snowmelt and discharge curves (Figures 7.4 and 7.5).  
The timing of the initial pulse of snowmelt always occurs before the spring melt pulse for 
St. Mary Basin (Table 7.8 and Figures 7.4 and 7.5).  On average the initial pulse of 
snowmelt occurs 6 days before the discharge pulse.  For the Middle Fork Flathead Basin 
the initial snowmelt pulse occurs from 11 days earlier to 21 days later than the discharge 
pulse.  On average the initial pulse of snowmelt occurs 3 days later than the discharge 
pulse for the Middle Fork Flathead Basin.  This may be due to precipitation driving the 
discharge pulse and not snowmelt and/or the selected pulse timings are incorrect.   
 Snow-covered area curves were compared to the 8-day snowmelt volume estimate 
to understand what elevation zone the initial snowmelt pulse was coming from (Figures 
7.4-7.7).  As expected the initial snowmelt pulse is coming from 1400-1800 m, lower 
elevation zones, for St. Mary and 900-1400 m for Middle Fork Flathead Basins.  The
 100
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Figure 7.3.  Discharge curve (blue solid line) and 8-day snowmelt volume estimates (red dotted line) for St. Mary Basin during 2001.  Note the 'spikiness' of the 
snowmelt volume curve. 
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Figure 7.4.  Annual hydrographs (blue solid line) and 8-day snowmelt volume estimates (red dotted line) for St. Mary Basin.  Blue and red vertical lines 
represent the timing of the initial onset for the hydrograph and 8-day snowmelt estimates, respectively. 
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Figure 7.5.  Annual hydrographs (blue solid line) and 8-day snowmelt volume estimates (red dotted line) for Middle Fork Flathead Basin.  Blue and red vertical 
lines represent the timing of the initial onset for the hydrograph and 8-day snowmelt estimates, respectively. 
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Figure 7.6.  Annual SCA curves for different elevation zones for St. Mary Basin.  Green line = 1400-1800m, red line = 1801-2200m, blue line = 2201-2600m, 
and purple line = 2601-3000m.
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Figure 7.7.  Annual SCA curves for different elevation zones for Middle Fork Flathead Basin.  Green line = 900-1400m, red line = 1401-1900m, blue line = 
1901-2400m, and purple line = 2401-3000m.
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Table 7.8.  Initial onset and center of mass timing for snowmelt estimates and discharge for St. Mary 
and Middle Fork Flathead Basins.  Timing is in Julian Days. 
Center of Mass Initial Onset  Year Snowmelt Discharge Snowmelt Discharge 
2000 148 161 N/A* 86
2001 147 155 103 106
2002 168 169 95 101
2003 142 154 71 72
2004 138 156 63 66S
t. 
M
ar
y 
2005 141 156 79 96
2000 155 149 111 81
2001 153 151 111 114
2002 169 163 119 93
2003 152 149 111 66
2004 142 144 87 67M
id
dl
e 
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rk
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2005 137 155 95 85
* Timing could not be determined due to MODIS images obscured by clouds. 
 
annual PRISM scaling factor method estimates that mean snow depths for these elevation 
zones are 95 cm for St. Mary Basin and 61 cm Middle Fork Flathead Basin. 
7.5.3. Center of Mass for the Snowmelt Season 
  
 Daily snowmelt events were integrated over an 8-day time step in order to 
understand how melt changes with time.  Center of mass was calculated for this 8-day 
snowmelt volume estimate for each basin and study year.  Timing of the center of mass 
was compared to the timing of the center of mass for the spring snowmelt pulse discharge 
curve (Table 7.8 and Figures 7.6 and 7.8).  For St. Mary Basin the timing of the center of 
mass for the 8-day snowmelt volume estimate always occurs before the timing of the 
center of mass for the discharge curve.  The time difference between the two centers of 
mass ranges from 1 to 18 days, with an average difference of 11 days for St. Mary Basin.  
For the Middle Fork Flathead Basin the timing of the snowmelt volume estimates center 
of mass occurs before and after the center of mass for the discharge curve (Table 7.8).
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Figure 7.8.  Annual hydrographs (blue solid line) and 8-day snowmelt volume estimates (red dotted line) for St. Mary Basin.  Blue and red vertical lines 
represent the centers of mass for the hydrograph and 8-day snowmelt estimates, respectively. 
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Figure 7.9.  Annual hydrographs (blue solid line) and 8-day snowmelt volume estimates (red dotted line) for Middle Fork Flathead Basin.  Blue and red vertical 
lines represent the centers of mass for the hydrograph and 8-day snowmelt estimates, respectively. 
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The timing of the snowmelt volume center of mass occurs 18 days earlier to 6 days later 
than the discharge center of mass, with an average value of 4 days earlier. 
 Melt contributing to the second half of the spring melt pulse is coming from 
higher elevation zones, 2601-3000 m for St. Mary Basin and 2401-3000 m for Middle 
Fork Flathead Basin.  Average snow depth for this elevation zone in the Middle Fork 
Flathead Basin was estimated as 83 cm.  Snow depths could not be determined for the 
2601-3000 m elevation zone for St. Mary Basin because this elevation zone was not 
represented by a PRISM pixel.  However, average snow depth for this elevation zone in 
St. Mary Basin, determined by the SWE lapse rate method, was estimated as 129 cm. 
7.6. Phases of Snowmelt 
 Accumulated snowmelt volume was determined for the Middle Fork Flathead 
Basin (Figure 7.10).  Based on changes in slope, the accumulated snowmelt volume 
displays three phases of snowmelt water generation:  (1) an initial onset; (2) mid-season 
exponential decay; and (3) late season constant rate (Figure 7.10).  These three phases of 
snowmelt water generation are controlled by the location of snowmelt (Figure 7.7).  The 
initial onset (Phase I) is governed by snow melting from the lowest elevation zone.  The 
mid-season exponential decay portion (Phase II) is governed by snow melting from all 
elevation zones in the basin.  The late season constant rate portion (Phase III) is governed 
by snow melting from high elevation snow fields and small glaciers located within the 
Middle Fork Flathead Basin.  Additionally, annual accumulated snowmelt volumes were 
computed for the Middle Fork Flathead Basin from 2000-2005 (Figure 7.11).  In order to 
easily compare accumulated snowmelt volumes, annual volumes were normalized to the 
total snowmelt volume determined for each individual year.  The accumulated 
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Figure 7.10.  Accumulated snowmelt volume computed by the MSM model for the Middle Fork Flathead Basin in 2000.  Black boxes represent the 3 phases of 
snowmelt water generation. 
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Figure 7.11.  Annual accumulated snowmelt volume for the Middle Fork Flathead Basin. 
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Figure 7.12.  Annual accumulated snowmelt (red line) and discharge (blue line) volumes during the spring snowmelt season for the Middle Fork Flathead Basin.  
Squares, diamonds, and circles represent the 25%, 50%, and 75% quantiles, respectively.
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snowmelt volumes for all 6 study years illustrate the same three phase pattern of 
snowmelt water generation.   
7.7. Quantiles of the Spring Snowmelt Season  
 Annual accumulated snowmelt and discharge volumes during the spring 
snowmelt season were compared for all 6 study years and for the Middle Fork Flathead 
Basin (Figure 7.12).  Additionally, 25%, 50%, and 75% quantiles were computed for both 
snowmelt and discharge volumes.  Snowmelt and discharge volumes were normalized to 
total volume of snowmelt and discharge during the spring snowmelt season.  
Accumulated snowmelt and discharge volumes display similar patterns; however the 
patterns are slightly offset during 2004 and 2005.  This could be explained because 2004 
and 2005 had the lowest amount of snowfall over the basin and therefore rain had a more 
dominating role on discharge.  Since accumulated snowmelt and discharge volume 
patterns are similar and quantiles of snowmelt water generation closely track quantiles of 
spring runoff, the role of storage, precipitation, losses (e.g. evapotranspiration and 
evaporation), modeling and measurement errors for the Middle Fork Flathead Basin can 
be constrained.  These terms can be constrained by the following:  (1) model errors 
fortuitously produce the same pattern as spring runoff; (2) these terms are small if 
varying through time; (3) these terms are constant if large; and/or (4) these terms are 
directly proportional to snowmelt water generation. 
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CHAPTER 8: CONCLUSIONS 
8.1. MODIS Snowmelt Model Methodology 
 Seasonal snowpack dominates runoff from mountain watersheds in the western 
United States.  Due to effects from land use and climate change it is predicted that 
mountain snowpack will undergo serious modifications.  Therefore, it is essential to 
understand the factors that control snowmelt timing and magnitude. 
 This study developed and tested a new method for modeling snowmelt, MODIS 
Snowmelt Model (MSM) using remote sensing satellite imagery (MODIS 8-day snow-
cover products) and temperature data (from 6 SNOTEL stations) as input parameters.  
The MSM model employs a temperature-index approach and provides seamless 
integration of raw MODIS snow-cover products and model output.  In addition, the 
model is frequently updated and calibrated to real world measurements (i.e. SCA) and 
does not require in situ SWE measurements.  Two snowmelt-dominated watersheds in 
northwestern Montana were selected as test sites to test the new model:  (1) St. Mary and 
(2) Middle Fork Flathead Basin.   
 A detailed accuracy assessment of the MODIS 8-day snow-cover products was 
performed utilizing 6 SNOTEL stations and over 1000 ground based measurements 
spanning a 6 year period (2000-2005).  The snow-cover products were determined to map 
snow accurately 84% of the time and failed to map snow when depths were less than 3.5 
cm.  MODIS daily snow-cover products are available, however due to cloud cover 
MODIS 8-day products fail to map an entire month; therefore, daily products do not seem 
reasonable for long-term or continuous mapping of SCA during the snowmelt season. 
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 Temperature lapse rates were determined for both study basins using daily mean 
temperature measurements provided by SNOTEL stations.  The mean lapse rate 
determined for St. Mary Basin (0.45°C/100m), which is a high alpine basin, is close to 
the standard saturated adiabatic lapse rate.  While, the mean lapse rate determined for the 
Middle Fork Flathead Basin (0.97°C/100m), which is lower in elevation, is near the dry 
adiabatic lapse rate.  MSM modeling of the basins is sensitive to the temperature lapse 
rate due to high relief and a significant amount of area well above the level of the 
temperature measurements. Therefore it is crucial to select an accurate lapse rate.  
Additionally, using melt and temperature measurements from SNOTEL stations to 
calculate DDFs do not yield significant correlations in northwestern Montana.  Therefore, 
DDFs determined from previous studies were used.  Overall, there are several problems 
associated with this new methodology; however, the new MSM model does appear to 
work for modeling snowmelt volumes.  
8.2. Snowmelt Volume Estimates 
 Snowmelt volume estimates computed by the MSM model were compared to 
volume estimates calculated by SWE scaling factors using annual PRISM precipitation 
data and SNOTEL SWE measurements (an independent test).  Snowmelt volume 
estimates were computed for 6 years and were within 61 to 85% of one another for St. 
Mary Basin and within 9 to 44% for Middle Fork Flathead Basin.  The higher 
discrepancy between the snowmelt volume estimates for St. Mary Basin is most likely 
due to the spatial resolution (4 km2) of PRISM data, where only 6 pixels represent St. 
Mary Basin. 
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   Basin averages of snowmelt, precipitation, discharge were calculated for each 
study basin and year.  Combined snowmelt and precipitation averages illustrate that on 
average 42.9% and 39.8% of the total amount of water that fell on St. Mary and Middle 
Fork Flathead Basins is not recorded in the discharge curve. 
8.3. Timing of Snowmelt  
 Time lags were estimated by visually 'matching' 5 snowmelt peaks and 5 
snowmelt troughs with corresponding peaks and troughs in the runoff curve.  Results 
indicated that average time lags for St. Mary and Middle Fork Flathead Basins are 1.6 
and 1.7 days, respectively.  This method, however, is problematic due to the temporal 
resolution of SCA, which is interpolated to daily time-steps from 8 day updates. 
 The timing of the initial pulse of snowmelt and the spring pulse in the discharge 
curve is highly variable between the two study basins.  For St. Mary Basin the timing of 
the initial pulse of snowmelt is always before the onset of the spring pulse, on average 
occurring 6 days before the discharge pulse.  The timing of the initial snowmelt pulse 
greatly varies for the Middle Fork Flathead Basin, occurring from 3 days earlier to 45 
days later than the spring melt pulse.  On average the initial snowmelt pulse occurs 21 
days after the discharge pulse.  The initial snowmelt pulse is coming from lower areas 
with an elevation range of 1400-1800m for St. Mary Basin and 900-1400m for Middle 
Fork Flathead Basin. 
 The timing of the centers of mass for snowmelt volume estimates and for 
snowmelt season discharge curves are also highly variable.  On average the center of 
mass for the volume estimates occurs 11 days before the discharge center of mass for St. 
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Mary Basin.  For the Middle Fork Flathead Basin the center of mass for the snowmelt 
estimates occurs 1 day before the discharge center of mass. 
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